LECTURE NOTES ON CHARACTERISTIC CLASSES,
K-THEORY AND THE ADAMS CONJECTURE

GEREON QUICK

CONTENTS

Preface

1.

N N A R

e T e e T =
AT B < S e

16.

Vector bundles
Vector bundles and sections
Families of sections

Constructing new bundles out of old

Euclidean bundles, orthogonal complements and orientation

Stiefel-Whitney classes and embedding problems
Stiefel-Whitney classes of projective spaces
Existence and uniqueness of Stiefel-Whitney classes [
Existence and uniqueness of Stiefel-Whitney classes 11
Splitting principle and the projective bundle formula
The Grassmannian manifold and the universal bundle
Representability of Vect”(B)
Schubert cells and Schubert varieties
A cell decomposition for the Grassmannian
The cohomology of the Grassmannian

Chern classes for complex vector bundles

Date: Spring 2014.

10
13
19
23
23
27
31
35
38
42
47
30
26
61



GEREON QUICK

17. Complex K-theory 65
18. Complex K-theory as a representable functor 70
19. Complex K-theory as a cohomology theory 74
20. K-theory of complex projective spaces 79

21. Splitting principle and the projective bundle formula in K-theory 79

22. Thom classes and the Thom isomorphism in K-theory 79
23.  Proof of the Periodicity Theorem I 80
24. Proof of the Periodicity Theorem II 88
25. Adams operations in complex K-theory 94
26. The Hopf invariant one problem via K-theory 98
27. Consequences of the Hopf invariant one problem 102
28. The Chern character 106
29. The e-invariant 112
30. The e-invariant and the J-homomorphism 116
31. The image of the J-homomorphism 121
32. The image of the J-homomorphism and Thom classes 124
33. Clifford algebras and vector fields on spheres 129
34. The image of J and the Adams conjecture 135
35.  Sphere bundles and the Adams conjecture 139
36. Sullivan’s proof of the Adams conjecture 144
Appendix A. Slides from talks on the Adams conjecture 152

References 175



PREFACE

These are my incomplete lecture notes from the class MATH231br Advanced
Algebraic Topology that 1 taught in spring 2014 at Harvard University. The goal
of the class was to give an introduction to the powerful theory of characteristic
classes on real and complex vector bundles, to introduce complex K-theory, and
to provide a first outlook on some of the fascinating interactions of these theories
with homotopy theory. The course consisted of three classes per week, in total 36
classes which explains the number of sections. The notes are often quite informal
as they were written to be used as actual notes during classes. For example, the
content of one section may recalled in another even though the reader may not
feel the necessity for such a recollection.

Moreover, with the exception of some minor corrections, the notes have not
been changed or updated after the classes in 2014. Unfortunately, this also means
that the notes are incomplete and some topics that were discussed in class are
missing in this file, since we do not have a written documentation of those classes.

However, as additional material, I added a collection of slides on the Adams
conjecture in an appendix. The slides are compiled from an invited lecture series
in Heidelberg on étale homotopy theory in March 2014. As an application of
the étale homotopy type of Artin—-Mazur and Friedlander, I briefly discussed the
proofs of Friedlander, Quillen, and Sullivan of the Adams conjecture. Again, the
slides have not been updated or corrected for typos since 2014.

Despite all these shortcomings I hope that these notes are useful nevertheless.

I plan to improve and update these notes in the future and would be happy
to receive comments and suggestions for improvements at any time. Please send
them to gereon.quick@ntnu.no.

Gereon Quick


mailto:gereon.quick@ntnu.no
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1. VECTOR BUNDLES

We start with the basic theory of vector bundles. For the moment there is
nothing special about the complex case, we could also consider real vector bundles.
Later, when we define K-theory, it will, however, matter if we work with complex
or real bundles. Our references for the next lectures are the book of Milnor and
Stasheff and Hatcher’s online notes.

We introduce the first main character of the story.

Definition 1.1. Let B be a topological space.

1) A family of real vector spaces € over B consists of the following data:

e a topological space E = F(§) called the total space
e a continuous 7: E — B called the projection map, and

e for each b € B the structure of a vector space over the real numbers R in
the set Fj, := 7 1(b).

2) The family ¢ is called a real vector bundle over B if these data are subject
to the following condition:

e Local triviality: For each point b € B there should exist a neighborhood
U C B, an integer n > 0, and a homeomorphism

h: U xR" — 7 1(U)

such that, for each b € U, the correspondence x — h(b,x) defines an
isomorphism between the vector space R and the vector space 7~1(b).

3) A family of complex vector spaces ¢ over B consists of the data:

e a topological space F = FE(() called the total space
e a continuous 7: E — B called the projection map, and

e for each b € B the structure of a vector space over the complex numbers
C in the set 7 1(b).

4) The family ( is called a complex vector bundle over B if these data are sub-
ject to the following condition:
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e Local triviality: For each point b € B there should exist a neighborhood
U C B, an integer n > 0, and a homeomorphism

h: U xC" — 7Y (U)

such that, for each b € U, the correspondence z — h(b,z) defines an
isomorphism between the vector space C" and the vector space 7 1(b).

For vector bundles, we will use some further terminology:

e A pair (U,h) as in Definition 1.1 will be called a local trivialization about
b.

e If it is possible to choose U equal to the entire space B of a vector bundle,
then the vector bundle will be called a trivial bundle.

e We often refer to a vector bundle 7 : E — B by just mentioning the total
space E.

e The vector space 7~ 1(b) is called the fiber over b. It will also be denoted
by Eb.

e The fiber E, = 7 !(b) is never vacuous, but it may consist of a single
point. The dimension n of Ej, is allowed to vary, but it is always a locally
constant function. Though in most cases of interest the dimension is con-
stant. In this case one speaks of an n-dimensional bundle and call n the
rank of the bundle.

e A 1-dimensional bundle is also called a line bundle.

Now that we have the basic notions at hand, we will focus for a while on real
vector bundles and we will often refer to a real vector bundle just as a vector
bundle. Later, when we introduce K-theory we will look at complex bundles
again.

So let us have a look at some examples of (real) vector bundles.

Example 1.2. There is an obvious example of a vector bundle over any topo-
logical space B: The product or trivial bundle £ = B x R"™ with 7 the projection
onto the first factor.

Example 1.3. Let I = [0,1] be the unit interval, and let £ be the quotient space
of I x R under the identification (0,t) ~ (1, —¢). Then the projection I x R — [
induces a map

m E— St
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which is a line bundle. Since E is homeomorphic to a Mobius band, i.e., a cylinder
cut open, twisted once and glued back together, with its boundary circle deleted,
we call this bundle the Mdbius bundle.

Example 1.4. Let S™ be the unit sphere in R**!. The tangent bundle T to S™
is the vector bundle 7 : £ — S™ where
E ={(z,wv) € S" x R"| zLv}.

We think of v as a tangent vector to S™ by translating it so that its tail is at the
head of z on S™. The map 7: E — S™ sends (z,v) to z.

The vector space structure on 7~ !(z) is defined by

t1(z,01) + ta(x,v9) = (2, t1vg + tavg).

In order to show that this is a vector bundle we have to construct local trivi-
alizations. So let x € S™ be any point and let U, C S™ be the open hemisphere
which contains x and is bounded by the hyperplane through the origin orthogonal
to x.

Define
he: Y U,) = Up x 7 H2) 2 U, x R®
by
ha(y,v) = (¥, pa(v))
where p, is the orthogonal projection onto the hyperplane 7~!(x). PICTURE!

Then h, is a local trivialization, since p, restricts to an isomorphism of 7(y)
onto p~!(z) for each y € U,.

Example 1.5. The normal bundle v to S™ in R"*! is the line bundle 7: E — S"
with E consisting of pairs

(z,v) € S™ x R™ such that v is perpendicular to the tangent plane to S™ at z,
or in other words,

v = tx for some t € R.

DRAW A PICTURE FOR S?!
The map 7: E — S™ is just given by 7(x,v) = x and the vector space structure
on () is again defined by
t1(z,01) + ta(x,v) = (2, t1v1 + tavg).
As in the previous example, local trivializations h,: 771(U,) — U, x R can be

obtained by orthogonal projection of the fibers 771(y) onto 7~ 1(x) for y € U,
and U, as in the previous example.
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2. VECTOR BUNDLES AND SECTIONS

We have seen the definition and first examples of vector bundles. Today we
will first continue our list of examples. Let us get started.

Example 2.1. Recall that the real projective n-space RP™ is the space of lines
in R™™! through the origin. Since each such line intersects the unit sphere S™ in
a pair of antipodal points, we can also regard RP™ as the quotient space of S™
in which antipodal pairs of points are identified, i.e., RP" = S"/x ~ (—xz). The
topology of RP™ is then the topology as a quotient of S™. Let {£x} denote the
equivalence class of z in §"/ ~

The canonical line bundle v} over RP™ is the line bundle 7: £ — RP™ with
total space

E(v}) = {({#z},v) € RP" x R"" v = tx for some t € R} C RP" x R**!.

In other words, F is consisting of all pairs (¢, v) such that the vector v lies on the
line /.

The map 7: E — RP™ is just the projection sending ({£x},v) to {xz}.

Now we need to find local trivializations for 7. Let U C S™ be any open set
which is small enough so as to contain no pair of antipodal points, and let U,
denote the image of U in RP™. Then a homeomorphism

h: Uy xR — 77 4(Uy)
is defined by the requirement that

h({£x},t) = ({£x}, tx)
for each (z,t) € U x R. The pair (Uy,h) is a local trivialization of ~}.

After seeing some examples of vector bundles we would like to be able to say
when two bundles are isomorphic.

Definition 2.2. 1) Let £ and n be two vector bundles over some base space
B. Then we say that & is isomorphic to n, written £ = 7, if there exists a
homeomorphism

frEE) — En)

between the total spaces which maps each vector space Ey(§) isomorphically onto
the corresponding vector space Fy(n).

2) We say that a bundle is trivial if it is isomorphic to the product bundle
B x R"™ for some n > 0.
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Example 2.3. 1) The tangent bundle 7; to S! is isomorphic to the trivial bundle
S1 x R. The isomorphism is given by the map

1 — ST X R, (e?,ie?) — (e t) for ¢ € S' and t € R.
Recall that the total space of 7! is given by the space
E(r) = {(zw) € S x RY 2o} = {(e”,ie")| t € R, 0 € [0,27]}.

Note: The triviality of 7, is special to the case n = 1. Though the situation is
simpler for the normal bundle.

2) The normal bundle v of S™ in R"*! is isomorphic to the product line bundle
S™ x R. The isomorphism is given by the map

(x,tz) — (2,t).

Hence v is trivial.

But, of course, not all bundles are trivial.

Proposition 2.4. The canonical line bundle v over RP™ is not trivial forn > 1.

We prove this claim by studying the sections of ..
Definition 2.5. A section of a vector bundle 7: E — B is a continuous map
s:B— FE

which takes each b € B into the corresponding fiber 7—!(b). In other words, s is
a continuous map such that 7o s = idp.

A section is called nowhere zero if s(b) is a non-zero vector of 7~!(b) for each

b.
Example 2.6. e Every vector bundle has a zero section whose value is the

zero vector in each fiber.

e A trivial bundle possesses a nowhere zero section.

From the last point we see that in order to proof Proposition 2.4 it suffices to
show that ! does not have nowhere zero section:

Let
s: RP" — E(})
be any section, and consider the composition

S™ — RP™ 5 E(v))
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which carries each x € S™ to some pair
({£z} t(x)z) € E(y,).

Since this map is the composite of continuous maps it is itself continuous and
hence the map x — t(z) is a continuous map S™ — R, i.e. it is a continuous real
valued function. Moreover, it satisfies

t(—x) = —t(x).

Since S™ is connected it follows from the intermediate value theorem that
t(zo) = 0 for some xy. Hence

s({£x0}) = ({£0},0)

and s cannot be nowhere zero. Thus 7, is not trivial. O

Example 2.7. Let us have a closer look at the space F(v!) for the special case
n = 1. In this case, each point e = ({xz},v) of E(v}) can be written as

e = ({£(cosf,sinh)},t(cosh,sinf)) with 0 < 0 < m,t € R.

This representation is unique except that for the point
({£(cos0,sin0)},t(cos0,sin0)) = ({£(cosm,sinm)}, —t(cosm,sinn)) for each t € R.

In other words, E(7.) can be obtained from the strip [0, 7] x R in the (6, ¢)-plane
by identifying the left hand boundary {0} x R with the right hand boundary
{7} x R under the correspondence

(0,t) — (m,—t).

Thus F(v}) is an open Mobius band over RP!. Since RP! is just S’ we see
that in this case 71 is just the Mobius bundle over S* we defined in the previous
lecture. And we see once again that v; is non-trivial.

Another strategy to distinguish non isomorphic bundles is to look at the com-
plement of the zero section. For any vector bundle isomorphism must the zero
section to the zero section. Hence it induces a homeomorphism on the comple-
ments of the zero sections.

Example 2.8. This gives us another way to see that the Mobius bundle is nontr-
vival. The complement of the zero section of the Mébius bundle is connected but
the complement of the zero section of the product bundle S* x R is not connected.
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3. FAMILIES OF SECTIONS

We have seen in the proof that the canonical line bundle over the projective
space is nontrivial that it can be very helpful to study the sections of a bundle.
Today we want to push this idea a little further.

Definition 3.1. Let {s1,...,s,} be a collection of sections of a vector bundle
m: F — B. The sections sq,...,s, are called nowhere linearly dependent if, for
each b € B the vectors s1(b), ..., s,(b) are linearly independent.

The existence of nowhere dependent sections is rather special.

Theorem 3.2. An n-dimensional vector bundle & is trivial if and only if & admits
n sections S, ..., S, which are nowhere linearly dependent.

The proof will depend on the following basic result.

Lemma 3.3. Let £ and n be vector bundles over B and let f : E(§) — E(n) be a
continuous function which maps each vector space E,(£) isomorphically onto the
corresponding vector space Ey(n). Then f is necessarily a homeomorphism and &
15 isomorphic to n.

Proof. The hypothesis on what f does with the fibers implies that f is bijective.
Hence it remains to show that f~! is continuous. This is a local question so let
by € B be any point and choose local trivializations (U,g) for £ and (V,h) for n
with by € U NV. Then we want to show that the composition

UNV) xR "% vy x R

is a homeomorphism. Setting

h='(f(g(b.x))) = (by)

it is evident that y = (y1,...,¥,) can be expressed in the form
i =) fub)z,
J

where (f;;(b)) denotes an invertible n x n-matrix of real numbers. Furthermore,
since h™!, f and g are continuous maps, the entries f;;(b) depend continuously
on b.

Let (Fj;(b)) denote the inverse matrix. Then we have

gtofoh(by) = (ba)
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=Y F(b)ys
[

Since the inverse of a mtrix A is given by 1/det(A) times the adjoint matrix,
the numbers F;(b) depend continuously on the entries f;;(b). Hence they depend
continuously on b. Thus g~ o f~! o h is continuous. This completes the proof of
the lemma 0J

where

Proof of Theorem 3.2. Let sq, ..., s, be sections of £ which are nowhere linearly
dependent. Define

fi:BxR"—> FE
by
f(bx) = x181(b) + ... + x,8,(b).
Evidently, f is continuous and maps each fiber of the trivial bundle €} isomor-

phically onto the corresponding fiber of £. The previous lemma implies that f is
an isomomorphism of bundles and £ is trivial.

Conversely, suppose that ¢ is trivial, with trivialization (B,h). Defining
si(b) = h(b,(0,...,0,1,0,...,0)) € E(&)

(with the 1 in the i-th place), it is evident that sq,...,s, are nowhere linearly
dependent sections. This completes the proof of Theorem 3.2. O

Example 3.4. The tangent bundle of the circle S' C R? admits one nowhere
zero section

8(551,55'2) = ((5U1,«752), (—952,351))-
We can rewrite this in terms of complex numbers. If we set z = x1 + iy then the
section s is given by

Z 1z,

Example 3.5. The tangent bundle to the 3-sphere S? C R* admits three nowhere
linearly dependent sections s;(x) = (x,5;(x)) where
gl(x) = (_x% L1, =Ty, .fl?g)
So(x) = (— 3, T4, 21, —T2)
53(3:) = <_$47 —T3, T2, x1>'
It is easy to check that the three vectors 51(z), S2(x), and 53(z) are orthogonal

to each other and to x = (21, 9, x3, 24). Hence sq, so, and s3 are nowhere linearly
dependent sections of the tangent bundle of S? in R*.
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The above formulas come in fact from the quaternion multiplication in R*. For
let H be the quaternions, i.e., the division algebra whose elements are expres-
sions of the form z = xy + ixy + jx3 + kxy with z1,..., 24 € R subject to the
multiplication rules

=2 =k*=—-1,ij =k, jk=1i, ki=7j, ji = —k, kj = —i, and ik = —j.

If we identify H with R?* via the coordinates (z1, o, 73, 74) then we can describe
the three sections s1, so, and s3 of the tangent bundle of S% in H by the formulas

51(2) =iz
So(2) = jz
S3(2) = k=

Remark 3.6. If the tangent bundle of a manifold is trivial then one says that
the manifold is parallelizable. Hence the last two examples show that S* and S3
are parallelizable.
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4. CONSTRUCTING NEW BUNDLES OUT OF OLD

We already have a bunch of examples of bundles at hand. But we’d like to
be able to construct new bundles out of known ones. We will see some basic
constructions for new bundles today.

4.1. Restricting a bundle to a subset of the base space. Let £ be a vector
bundle with projection 7: F — B and let U be a subset of B. Setting F|U =
7 1(U), and letting

7lU: BElU =7 Y(U) - U
be the restriction of 7 to F|U, one obtains a new vector bundle which will be
denoted by &|U, and called the restriction of £ to U.

Each fiber E,(£|U) is just equal to the corresponding fiber Fj(€), and is given
the same vector space structure.

4.2. Induced or pullback bundles. Let £ be a vector bundle over B and let
By be an arbitrary topological space. Given a continuous map f: By — B one
can construct the induced bundle or pullback bundle f*& over B; as follows. The
total space E; of f*¢ is the subset £} C By x E consisting of all pairs (b,e) such
that f(b) = m(e), or in a formula

By = {(be) € By x E| f(b) = n(e)}.

The projection map m: Ey — Bj is defined by m(b,e) = b. Thus one has a
commutative diagram

by L> E
B -1-B
where f(b,e) = e. The vector space structure in 7~1(b) is defined by
t1(b,er) + ta(b,ea) = (b, t1er + taes).

Thus f carries the vector space Ep(f*(£) isomorphically onto the vector space
Erw)(§)-

It remains to specify the local trivializations of f*¢. If (U, h) is a local trivial-
ization for ¢, we set U; = f~}(U) and define

hi: Uy x R" — 77 (Uy) by hy(bx) = (b, h(f(b), x)).
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Then (Ui, hy) is a local trivialization of f*¢.

Example 4.1. If € is trivial, then f*¢ is trivial. For if £ = B x R" then the total
space E; of f*(£) consists of the triples (by,b,x) in By x B x R™ with b = f(b,).
Hence b does not induce any restriction and E is just the product B; x R™.

Remark 4.2. If f: By — B is an inclusion map, then there is an isomorphism
E|B, = f*(E)
given by sending e € E' to the point (7(e),e).

We still have not yet said what a map between bundles over different base
spaces should be. The above construction inspires the following definition.

Definition 4.3. Let ¢ and n be two vector bundles. A bundle map from n to &
is a continuous map

g9: E(n) = E(§)
which carries each vector space Ej(n) isomorphically onto one of the vector spaces
Ey (&) for some b € B(§).
Remark 4.4. Setting g(b) = b, we obtain a map

g: B(n) = B(&).
This map is continuous. For g is completely determined by g, since the projection
map m, of n is surjective:
g

E(n) — E(§)

B(n) —= B(¢).

Now since the question is local, we can choose a local trivialization (U,h) of &.
Then it suffices to prove the assertion for a map of trivial bundles and a diagram

VxR U xR

| g |

V U.

But now it is clear that g is continuous since ¢ is continuous and g(b) is just the
first coordinate of g(b,z).

Lemma 4.5. If g: E(n) — E(&) is a bundle map, and if g: B(n) — B(§) is the

corresponding map of base spaces, then n is isomorphic to the induced bundle g*&.
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Proof. Define
h: E(n) = E(g°€) by h(e) = (w(e), g(e))

where 7 denotes the projection map of 7. Since h is continuous and maps each
fiber Ej(n) isomorphically onto the corresponding fiber E,(g*¢), it follows from
the lemma of the previous lecture that h is an isomorphism. 0

The previous lemma shows the following uniqueness statement.

Proposition 4.6. Given a map f: By — B and a vector bundle & over B, then
f*€ is up to isomorphism the unique vector bundle &' over By which is equipped
with a map to & which takes the fiber of &' over b isomorphically onto the fiber of
¢ over f(b) for each b € By.

Moreover, the pullback construction is natural in the following sense: If we
have another continuous map ¢: By — By, then there is a natural isomorphism

g 1 (&) = (fog)(€)
given by sending each point of the form

(b, e) to the point (b, g(b), e), where b € By, e € E.

Conclusion 4.7. For a space B let Vect"(B) denote the set of isomorphism
classes of n-dimensional vector bundles over B. Then a continuous map

fl Bl — B
induces a map

71 Vect™(B) — Vect"(B) sending £ to f*€.

4.3. Cartesian products. Given two vector bundles &, & with projection maps
mi: By — By, i = 1,2, the Cartesian product & X & is defined to be the bundle
with projection map
T X me: By X By — By X By
where each fiber
(11 % ) "M (b1, b)) = By, (&1) X Eiy (&)

is given the obvious vector space structure.

4.4. Whitney sums. Now let &, & be two vector bundles over the same space
B. Let
d: B— BxB

denote the diagonal embedding. The bundle d*(& X &) over B is called the
Whitney sum of & and &, and will be denoted & @ &. Each fiber Ey(§ @ &) is
canonically isomorphic to the direct sum of the fibers E,(&;) @ Ep(&2).
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Definition 4.8. Consider two vector bundles £ and 7 over the same base space
B with E(§) C E(n). Then & is a sub-bundle of n, written £ C 7, if each fiber
Ey(€) is a sub-vector space of the corresponding fiber Ey(n).

Lemma 4.9. Let & and & be sub-bundles of n such that each vector space Ey(n) is
equal to the direct sum of the sub-spaces Ey(&1) and Ey(&2). Then n is isomorphic
to the Whitney sum & & &,.

Proof. Define a map
[ E(& © &) — E(§) by f(ber,e2) = er + ea.

The lemma of the previous lecture shows that f is an isomorphism of bundles
since it maps the fibers isomorphically onto each other. O

4.5. Euclidian vector bundles. Let V' be a finite dimensional real vector space.
Recall that a real valued function ¢: V' — R is called quadratic if g satisfies
q(av) = a*q(v) for every v € V and a € R and the map b: V x V — R defined by

bow) = Slalo+w) = o) — g(w)

is a symmetric bilinear pairing. We also write v - w for b(v,w). We have in
particular: v -v = g(v). The quadratic function ¢ is called positive definite if
q(v) > 0 for every v # 0.

Definition 4.10. A Fuclidean vector space is a real vector space V' together with
a positive definite quadratic function

q:V —R.

The real number v -w is called inner product of the vectors v and w. The number
q(v) = v - v is also denoted by |v|?.

Definition 4.11. A Euclidean vector bundle is a real vector bundle £ together
with a continuous map

q: E(¢) - R
such that the restriction of g to each fiber of £ is positive definite and quadratic.
The map q is called a Euclidian metric on &.

In the case of the tangent bundle 7, of a smooth manifold, a Euclidian metric
q: DM — R is called a Riemannian metric, and M together with ¢ is called a
Riemannian manifold.

Example 4.12. a) The trivial bundle €}, on a space B can be given the Euclidean
metric

q(bx) =27 + ... + 2.
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b) Since the tangent bundle of R is trivial it follows that the smooth manifold
R"™ possesses a standard Riemannian metric. Moreover, any smooth manifold
M C R", the composition

DM C DR" 4 R
makes M into a Riemannian manifold.

Lemma 4.13. Let & be a trivial bundle of dimension n over a space B and let q
be any Euclidean metric on &. Then there exist n sections sy, ...,S, of & which
are normal and orthogonal in the sense that

si(b) - s;(b) = 0y
for each b € B where 6;; is the Kronecker symbol.

Proof. The lemma of the previous lecture shows that £ admits n nowhere depen-
dent sections. Pointwise application of the Gram-Schmidt orthonormalization
process yields orthonormal sections. 0

4.6. Orthogonal complements. Given a sub-bundle £ C 7, is there a com-
plementary sub-bundle so that n splits as a Whitney sum? If n is a Euclidean
bundle, we can always find such a complement. We can construct it as follows.

Let Ey(¢1) denote the subspace of Ey(n) consisting of all vectors v such that
v-w =0 for all E,(£). Let E(¢1) denote the union of all Ej(¢1).

Theorem 4.14. The space E(&1) is the total space of a sub-bundle &+ C n, andn
is isomorphic to the Whitney sum & @&+, The bundle £+ is called the orthogonal
complement of £ in 7.

Proof. Tt is clear that each fiber E,(n) is the direct sum of the subspaces E,(&)
and Ey(&1). Thus it remains to show the local triviality of £&+. The lemma of the
previous lecture then implies that the map (v,w) — v + w is an isomorphism of
vector bundles.

Given any point by € B, let U be a neighborhood of by which is sufficiently small
that both £|U and n|U are trivial. Since £|U is trivial, we can choose orthonormal
sections sq,...,S,, of {|JU. We may enlarge this set of sections to a set of n
independent local sections of n|U by first choosing s/, ..., s, first in the fiber
Ey,(n). By the continuity of the determinant function, there is a neighborhood
V' C U of by such that s1(b), ..., sm(b), sl,,1(b),...,s,(b) are linearly independent
for all b € V and such that the s;(b) vary continuously with b in V. Applying
the Gram-Schmidt orthonormalization process to si,...,Sm, 5,1, -, 5, in each
fiber to obtain new sections si,...,s,. The formulae for this process show that
the s; vary continuously with b € V. We can now define a trivialization

h:V xR"™™ — E(¢)
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by the formula
h(b,x) = 18m41(0) + ... + Tp—mSn (D).
O

4.7. Stably trivial bundles. The direct sum of two trivial bundles is of course
again trivial. But the direct sum of two nontrivial bundles can also be trivial. If
one bundle is trivial, this phenomenon has been given a name.

Definition 4.15. A vector bundle £ over B is called stably trivial if the direct
sum & @ €” is a trivial bundle for some n.

Example 4.16. The direct sum of the tangent bundle 7 and the normal bundle
v to S"!in R" is the trivial bundle S*~! x R™. For the elements of the direct
sum 7 @ v are triples (z,v,tx) € S"1 x R" x R" with zLv, and the map

(z,v,tx) — (r,v + tx)

gives an isomorphism of 7 @ v with S" ! x R™. Since the normal bundle v is
trivial, this shows that 7 is stably trivial.

But there are also examples where both bundle are nontrivial whereas their
Whitney sum is trivial.

Example 4.17. Let . be the canonical line bundle on RP". Then the map

(0, v,w) = (£,v + w) for v € £ and w Ll defines an isomorphism ~} @ (y})+ =

RP™ x R+,

Example 4.18. Specializing the previous example to the case n = 1, we see that
@ (yht = RP x R? 2 S x R,

The map that rotates a vector by 90 degrees defines an isomorphism between

(v4)* and ~¢. Since 41 is isomorphic to the Mébius bundle over S!, this shows
that the direct sum of the Mdbius bundle with itself is the trivial bundle.
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5. EUCLIDEAN BUNDLES, ORTHOGONAL COMPLEMENTS AND ORIENTATION

Recall that we defined the Whitney sum of two bundles:

Let &1, & be two vector bundles over the same space B. Let
d:B— BxB

denote the diagonal embedding. The bundle d*(& X &) over B is called the
Whitney sum of & and &, and will be denoted & @ &. Each fiber Ey(§ @ &) is
canonically isomorphic to the direct sum of the fibers E,(&;) @ Ep(&2).

Definition 5.1. Consider two vector bundles £ and 7 over the same base space
B with E(§) € E(n). Then £ is a sub-bundle of n, written & C 7, if each fiber
Ey(€) is a sub-vector space of the corresponding fiber Ey(n).

Lemma 5.2. Let & and & be sub-bundles of n such that each vector space Ey(n) is
equal to the direct sum of the sub-spaces Ey(&1) and Ey(&). Then n is isomorphic
to the Whitney sum & @ &s.

Proof. Define a map
[ E(&G @ &) = E(§) by f(b,er,e2) = e1 + €.

The lemma of the previous lecture shows that f is an isomorphism of bundles
since it maps the fibers isomorphically onto each other. O

5.1. Euclidean vector bundles. Let V' be a finite dimensional real vector space.
Recall that a real valued function ¢: V' — R is called quadratic if g satisfies
q(av) = a*q(v) for every v € V and a € R and the map b: V x V — R defined by

boaw) = 5(alv +w) = 4(0) — a(w)

is a symmetric bilinear pairing. We also write v - w for b(v,w). We have in
particular: v - v = ¢(v). The quadratic function ¢ is called positive definite if
q(v) > 0 for every v # 0.

Definition 5.3. A Fuclidean vector space is a real vector space V' together with
a positive definite quadratic function

q:V —R.
The real number v - w is called inner product of the vectors v and w. The number

q(v) = v - v is also denoted by |v|?.

Definition 5.4. A FEuclidean vector bundle is a real vector bundle £ together
with a continuous map

q: E(¢) =R
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such that the restriction of g to each fiber of £ is positive definite and quadratic.
The map q is called a Fuclidian metric on &.

In the case of the tangent bundle 7,; of a smooth manifold, a Euclidian metric
q: DM — R is called a Riemannian metric, and M together with ¢ is called a
Riemannian manifold.

Example 5.5. a) The trivial bundle €}, on a space B can be given the Euclidean
metric

qbx) =2 + ... + 22

b) Since the tangent bundle of R” is trivial it follows that the smooth manifold
R™ possesses a standard Riemannian metric. Moreover, any smooth manifold
M C R", the composition

DM C DR" % R

makes M into a Riemannian manifold.

Lemma 5.6. Let & be a trivial bundle of dimension n over a space B and let ¢
be any Euclidean metric on &. Then there exist n sections sy, ...,S, of & which
are normal and orthogonal in the sense that

si(b) - s;(b) = 6y
for each b € B where 0;; 1s the Kronecker symbol.

Proof. The lemma of the previous lecture shows that & admits n nowhere depen-
dent sections. Pointwise application of the Gram-Schmidt orthonormalization
process yields orthonormal sections. O

5.2. Orthogonal complements. Given a sub-bundle ¢ C 7, is there a com-
plementary sub-bundle so that 7 splits as a Whitney sum? If 5 is a Euclidean
bundle, we can always find such a complement. We can construct it as follows.

Let Ey(€1) denote the subspace of Fy(n) consisting of all vectors v such that
v-w =0 for all E,(¢). Let E(¢1) denote the union of all Ej(¢1).

Theorem 5.7. The space E(£1) is the total space of a sub-bundle £+ C n, and n
is isomorphic to the Whitney sum & ® &+, The bundle €4 is called the orthogonal
complement of £ in 7.

Proof. 1t is clear that each fiber Ej(n) is the direct sum of the subspaces Ej(&)
and E,(¢1). Thus it remains to show the local triviality of €+, The lemma of the
previous lecture then implies that the map (v,w) — v 4+ w is an isomorphism of
vector bundles.
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Given any point by € B, let U be a neighborhood of by which is sufficiently
small that both &|U and n|U are trivial. Since £|U is trivial, we can choose
orthonormal sections sy, ..., s, of £{U. We may enlarge this set of sections to a
set of n independent local sections of n|U by first choosing s/, , ..., s, in the fiber
Ey,(n). By the continuity of the determinant function, there is a neighborhood
V' C U of by such that s1(b), ..., sm(b), s, ,1(b),...,s,(b) are linearly independent
for all b € V and such that the s;(b) vary continuously with b in V. Applying
the Gram-Schmidt orthonormalization process to si,..., Sy, S, 11, ---, S, in each

fiber to obtain new sections si,...,s,. The formulae for this process show that
the s; vary continuously with b € V. We can now define a trivialization

h:V x R"™™ — B(¢h)
by the formula
h(b,x) = 218m41(D) + ... + Tp_mSn (D).
O

5.3. Stably trivial bundles. The direct sum of two trivial bundles is of course
again trivial. But the direct sum of two nontrivial bundles can also be trivial. If
one bundle is trivial, this phenomenon has been given a name.

Definition 5.8. A vector bundle ¢ over B is called stably trivial if the direct sum
& @ € is a trivial bundle for some n.

Example 5.9. The direct sum of the tangent bundle 7 and the normal bundle
v to S ! in R is the trivial bundle S"~! x R™. For the elements of the direct
sum 7 @ v are triples (z,v,tx) € S"1 x R" x R" with zLv, and the map

(z,v,tx) — (z,v + tx)

gives an isomorphism of 7 @ v with S"~! x R™. Since the normal bundle v is
trivial, this shows that 7 is stably trivial.

But there are also examples where both bundle are nontrivial whereas their

Whitney sum is trivial.

Example 5.10. Let 7} be the canonical line bundle on RP". Then the map
(l,v,w) — (£,v + w) for v € £ and w1l defines an isomorphism ! @ (y)+ =
RP"™ x R™*1.

Example 5.11. Specializing the previous example to the case n = 1, we see that
Mm@ (1)t ZRP xR* = 5! x R%,

The map that rotates a vector by 90 degrees defines an isomorphism between
(v4)* and ~¢. Since 41 is isomorphic to the Mébius bundle over S*, this shows
that the direct sum of the Mobius bundle with itself is the trivial bundle.
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5.4. Oriented bundles. We start with a first working definition of orientation
of a vector bundle. Later we will discuss orientations in a more general context
and relate it elements in the cohomology groups of the total space.

Recall that an orientation of a real vector space V' of dimension n > 0 is an
equivalence class of bases, where two ordered bases vy, ..., v, and v},..., v, are
said to be equivalent if and only if the matrix (a;;) defined by the equation

,— .. .
U = E Qi U;

has positive determinant. Evidently every such vector space V' has precisely two
distinct orientations.

Example 5.12. The vector space R™ has a canonical orientation corresponding
to its canonical ordered basis.

Definition 5.13. Let £ be a real vector bundle given by the map n: £ — B.
An orientation of £ is a function assigning an orientation to each fiber in such a
way that near each point of B there is a local trivialization h: U x R" — 7= 1(U)
carrying the canonical orientation of R™ in the fibers of U x R™ to the orientations
of the fibers in 7—1(U).

An oriented vector bundle ¢ is a real vector bundle together with a choice of
orientation.
Note: Not all bundles can be oriented.

Example 5.14. a) Every trivial bundle is orientable. Hence the existence of an
orientation is a necessary condition for triviality.

b) The Mobius bundle is not orientable.

We will see in the next lecture that the Stiefel-Whitney class measures exactly
if a bundle is orientable or not.
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6. STIEFEL—WHITNEY CLASSES AND EMBEDDING PROBLEMS

This was a guest lecture by Mike Hopkins. Unfortunately, there are no notes
available.

7. STIEFEL-WHITNEY CLASSES OF PROJECTIVE SPACES

Our next goal is to apply Stiefel-Whitney classes to prove the following impor-
tant result by Stiefel.

7.1. Division algebras and projective spaces.

Theorem 7.1. Suppose that there is a structure of a division algebra on R".
Then the projective space P"~! is parallelizable. In particular, n must be a power
of 2.

Remark 7.2. In fact, we know that there is the much stronger result that a
division algebra structure exists on R" if and only if n = 1,2,4,8. But to prove
this final result we need stronger techniques. So for a moment let’s be modest
and see how the methods we know so far lead to a proof of this algebraic result.

7.2. Stiefel-Whitney classes of projective spaces.

Example 7.3. Stiefel-Whitney classes are not fine enough to decide if the tan-
gent bundle of a sphere is trivial or not. For the tangent bundle of a sphere is
stably trivial, hence w(S™) = w(7gn) = 1.

Lemma 7.4. The total Stiefel-Whitney class of the canonical bundle 7y} over P"
s given by
wil) =140

where a denotes the nonzero element of H'(P";7Z/2).

Proof. The standard inclusion j: P! — P" is clearly covered by a bundle map
from 7 to 7. Therefore

Jrwi(y) = wi(yy) # 0.

Hence wi (7)) cannot be zero, hence it must be equal to a. Since 7! is a line
bundle, the first axiom for Stiefel-Whitney classes tells us that the higher classes
must be zero. 0J
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Example 7.5. The canonical line bundle v} over P" is contained as a sub-bundle
in the trivial bundle €"*!. Let v+ denote the orthogonal complement of 4} in ™.
The total space E(y1) consists of all pairs

({£x},v) € P" x R
with v orthogonal to z. Claim:

wyt)=14+a+a®+...+a"

For: Since 7} @ 1 is trivial we have
wiyH) =w(y)=1+a) ' =14+a+d®+...+a"
In particular, we see that it is possible that all of the n Stiefel-Whitney classes

of an R™-bundle can be non-zero.

Lemma 7.6. The tangent bundle T of P™ is isomorphic to Hom(v} ~y+).

Proof. Let L be a line through the origin in R™™! intersecting S™ in the points
+2, and let L+ C R"*! be the complementary n-plane. Let f: S™ — P" denote
the canonical map f(z) = {£x}. Note that the two tangent vectors (x,v) and
(—x, —v) in DS™ both have the same image under the map

Df: DS™ — DP"
which is induced by f. Thus the tangent manifold DP™ can be identified with
the set of pairs {(z,v), (—z, — v)} satisfying

rz-x=1 v-v=0.
But each such pair determines, and is determined by, a linear mapping

¢: L — L+,
where
l(z) =w.

Thus the tangent space of P at {4z} is canonically isomorphic to the vector space

Hom(L,L*). Tt follows that the tangent vector bundle 7 = 7pn is isomorphic to
the bundle Hom(v},4+). O

Let us compute the total Stiefel-Whitney class w(P™). We cannot use the
previous formula for 7, since we do not a formula that relates the Stiefel-Whitney
classes of Hom(v}41), 71, and 1. Instead we do the following.

Theorem 7.7. the Whitney sum 7 @ €' is isomorphic the (n + 1)-fold Whitney
sum vl @yl @ ... @&t Hence the total Stiefel-Whitney class of P™ is given by

w(IP’”):(l—i—a)”“:l—l—(n_ll_l)a—l—(ngl)a2+...+(n+1)a”.

n
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Proof. The bundle Hom(7},~}) is trivial since it is a line bundle with a canonical
nowhere zero section. Therefore
7@€ = Hom(y,,v") & Hom(y,, ).
But the latter is isomorphic to
Hom(v,, " & 7,) = Hom(y,, "),
and therefore it is isomorphic to the (n + 1)-fold sum
Hom(y!, et @ ... @ ') 2 Hom(y., ') @ ... ® Hom(q}, €h).

But the bundle Hom(v;, ') is isomorphic to v}, since 7! has a Euclidean metric.
This proves that

TOE XY D... DY
The Whitney product formula implies that w(7) = w(r @ €') is equal to
w(yy) - w(yy) = (1+a)"*

The binomial formula now completes the proof. 0

Corollary 7.8. The class w(P") is equal to 1 if and only if n+ 1 is a power of 2.
Thus the only projective spaces which can be parallelizable are P*,P3, P7 P .. ..

Proof. The identity (a + b)? = a* + b* modulo 2 implies that
(1+a)* =1+d”.
Therefore if n 4+ 1 = 2" then
w(P") = (1+a)" =1+a"" = 1.

Conversely if n + 1 = 2"m with m odd, m> 1, then
wP?) = (1+a)"t = (1+a*)"
1+ma2r+%a2'2r+... #1,
since 2" < n + 1. O

7.3. Proof of Stiefel’s theorem. Assume there is a bilinear product operation
p: R* x R" - R"
without zero divisors.

Let by,...,b, be the standard basis for the vector space R™. The correspon-
dence

y — p(y,b1)
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defines an isomorphism of R™ onto itself, since p has no zero divisors. Hence the

formula
vi(p(y,b1)) = p(y,b:)

defines a linear transformation
v;: R® — R"™.
Note that we have vy (x) = z, since v1(p(y,b1)) = p(y,b1) by definition. More-

over, for x # 0, the vectors vy (z), ..., v,(z) are linearly independent. For if there
was a nontrivial relation, for some y € R™ with « = p(y,b),

0="> Auvi(z) Z)\lpyb y,ZAb

this implied

which implies \; = 0 for all 7.

Now let L be a line through the origin. Each v; defines a linear transformation
v;: L— Lt
as follows. For z € L, let v;(z) denote the image of v;(x) under the orthogonal

projection
R™ — L+

Since v1(z) = x, we have v; = 0. But the 0y, ..., 7, are everywhere linearly
independent, since the vy, ..., v, are everywhere linearly independent. Hence the
Vo, ...,U, give rise to n — 1 linearly independent sections of the bundle

Hom(7,,77)-

Since this bundle is isomorphic the tangent bundle 7pn—1 of P*~!, we see that
Tpn—1 is trivial. This completes the proof of Theorem 7.1.
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8. EXISTENCE AND UNIQUENESS OF STIEFEL—WHITNEY CLASSES I

Before we show that Stiefel-Whitney classes with the described properties ac-
tually exist we are going to see another interesting application of Stiefel-Whitney
classes.

8.1. Immersions of projective spaces into Euclidean space. Stiefel-Whitney
classes also help us decide whether a manifold can be immersed into a Euclidean
space. For if an n-dimensional manifold M can be immersed into R"** then

1 = w(tgn+r) = w(v @& Tar)

where v denotes the normal bundle of the embedding M C R™™*. Hence by the
Whitney product formula

w;(v) = w;(M)

where w;(M) denotes the ith component of the multiplicative inverse of the total
Stiefel-Whitney class w(M). Since v is a k-dimensional bundle, this shows

w;(M) =0 for i > k.

Example 8.1. A typical example is the real projective space P?. By our calcu-
lations in the previous lecture we know

9
10\
9\ _ 10 _ i _ 2, 8
w(P”) = (1+a) —1—|—Zl<l.)a =1+4+a"+a
since all other terms have an even coefficient. As a multiplicative inverse we get
w(P") =1+ a® + a* + a",

for
(1+a*+a%)(1+a®+a* +a°)
= 1+a*+ad*+a®+a®+a* +a®+a®+a® +a +a? +aM
= 1+ 2a*+ 2a* + 245 + 2a®
= 1.

Since we(P?) # 0, k must be at least 6 if P can be immersed into R**.

If n = 2" is a power of 2, then
wP)=1+a)* ' =1+a")(1+a)=1+a+a"

and
wP")=14+a+ad+...+a""
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since
1+a+a®)1+a+...+a")
= l4+a+...+a" " t4+a+a®+...+a " +a"
1+2(a+a*+...+a")
= 1.

Together with the previous argument we get the following classical result.
Theorem 8.2. If P can be immersed in R?* 7%, then k must be at least 2" — 1.

Example 8.3. Since the theorem tells us that P® cannot be immersed in R, it
follows that P? cannot be immersed in R'* either. This gives another proof that
the minimal dimension of a Euclidean space in which P? can be immersed is 15.

8.2. Existence of Stiefel-Whitney classes. We still need to show that there
cohomology classes that satisfy the axioms of Stiefel-Whitney classes.

Theorem 8.4. There is a unique sequence of functions wy,ws, ... assigning to
each real vector bundle E — B over a a space B a class w;(F) € H(B;Z/2),
depending only on the isomorphism type of E, such that

a) w;(f*E) = f*(w;(E)) for a pullback along a map f: B' — B which is covered
by a bundle map.

b) w(E, & Ey) = w(E)w(Es) where w =14+ wy +wy+ ... € H(B;Z/2).

c) w;(F)=0 ifi>dimFE.

d) For the canonical line bundle v on P, wi(v{) is non-zero.

There are different methods to prove this theorem. We will prove it using the
following fundamental result of Leray and Hirsch on the cohomology of a fiber
bundle. Roughly speaking, a fiber bundle is the same thing as a vector bundle
except that we replace R"™ by any topological space F'.

Let p: E'— B be a fiber bundle with fiber F. Then we can make H*(E;Z/2)
into a module over the ring H*(B;Z/2) by setting af = p*(«)p for « € H*(B;Z/2)
and f € H*(E;Z/2). The Leray-Hirsch theorem then tells us that H*(E;Z/2) is
a free H*(B;7Z/2)-module provided that for each fiber F the inclusion ¢: F'— E
induces a surjection on H*(F';Z/2) and H™(F;Z/2) is a finite dimensional Z/2-
vector space for each n. A basis for H*(F;7Z/2) as a H*(B;Z/2)-module can be
chosen as any set of elements in H*(E;Z/2) that map to a basis in H*(F';Z/2)
under ¢*.

The precise statement of the Leray—Hirsch theorem is:
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Theorem 8.5. Let F < E 2 B be a fiber bundle such that, for some commuta-
tive ring R,

a) H"(F; R) is a finitely generated free R-module for each n,

b) and there exist classes ¢; € H" (FE; R) whose restrictions t*(c;) form a basis
for H*(F; R) in each fiber F.

Then the map p: H*(B; R)®pH*(F; R) — H*(E; R), >, biou () v 3,5 p*(bi)x;,
18 an isomorphism.

Now let us prove Theorem 9.1. For simplicity, we will assume that the base
base is paracompact.

Let & be a vector bundle of dimension n given by the map 7: £ — B. It comes
along with a projective bundle P(¢) given by the induced map P(r): P(E) — B.
It is a fiber bundle whose fiber at b in B are the spaces of all lines through the
origin in the fiber Ey(§). The map P(7) is the natural projection sending each
line in 771(b) to b. We topologize P(E) as a quotient of the complement of the
zero section of F modulo scalar multiplication in each fiber. Over a neighborhood
U in B where E is a product U x R", this quotient is U x P"~!. Hence P(¢) is a
fiber bundle over B with fiber P"1,

Now we would like to apply the Leray—Hirsch theorem to the fiber bundle
P(£). Therefore we need classes x; € H'(P(E);Z/2) restricting to generators of
H{(P"',7Z/2) in each fiber P*~! for i =0,...,n — 1.

We will use the following lemma.

Lemma 8.6. There is a map g: E — R® = |J, R" that is a linear injection
on each fiber. Any two such maps are homotopic through maps that are linear
injections on fibers.

Proof. Since B is paracompact there is a countable open cover U; of B such
that E is trivial over each U; and there is a partition of unity {y;} with ¢;
supported on U;. Let g;: 7~ *(U;) — R™ be the composition of a trivialization
7} (U;) = U; x R™ with the projection onto R". The map

(pjm)g;: 1 (U;j) = R, v = @j(n(v))g;(v)

extends to a map E — R" that is zero outside m_;(U;). Near each point of B
only finitely many ¢;’s are nonzero, and at least one ¢; is nonzero. Hence these
extended maps (p;m)g; are the coordinates of a map g: £ — (R")* = R*> that
is a linear injection on each fiber.
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Now let go and ¢; be two such maps that are linear injections on fibers. Then
let L; be the homotopy

LtI R* — Roo7 Lt(xl,xg, .. ) = (1 — t)(.’lfl,xg, .. ) +t<l‘1,0,5€2,0, .. )

For each ¢, this is a linear map whose kernel is easily computed to be 0. Hence L;
is injective. Composing L; with gy moves the image of gy into the odd-numbered
coordinates. Similarly, we can move the image of ¢g; into the even-numbered
coordinates. By abuse of notation we denote the resulting shifted maps still by
go and g, respectively. Then we set

9r = (L —=1t)go + tg1.
This is a linear map which is injective on fibers for each ¢ since gy and g, are
linear and injective on fibers. 0

Given the linear injection ¢ of the lemma, we can projectivize it by delet-
ing zero vectors and then take the quotient by scalar multiplication. This gives
us a map P(g): P(E) — P*. Let y be a generator of H'(P>~;Z/2) and let
r = P(9)*(y) € H'(P(E);Z/2). Then the powers x; := z' € H'(P(F);Z/2) for
1 =20,...,n—1 are the desired classes since a linear injection R" < R> induces
an embedding P"~! < P> for which y pulls back to a generator of H'(P"~1;7Z/2)
(because the classes are nonzero).

Note that the classes z¢ do not depend on the choice of g. For any two linear
injections R™ < R> are homotopic through linear injections, so the induced em-

beddings P~ — P> of different fibers of P(E) are all homotopic. The second
assertion of the lemma then implies the claim.

Hence, by the Leray—Hirsch theorem, H*(P(E);Z/2) is a free H*(B;Z/2)-
module with basis 1,x,...,2" 1. Consequently, 2™ can be expressed uniquely
as a linear combination of these basis elements with coefficients in H*(B;Z/2).
Thus there is a unique relation of the form

2"+ w (BE)x" 4w, (E) =0

for certain classes w;(F) € HY(B;Z/2). Together with the convention w;(FE) = 0
for i > n and wo(F) = 1 this is our definition of the Stiefel-Whitney classes of
E. Tt remains to show that these classes satisfy the desired properties.
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9. EXISTENCE AND UNIQUENESS OF STIEFEL—WHITNEY CLASSES II

We continue the proof of the following theorem that shows that there exist
unique Stiefel-Whitney classes.

Theorem 9.1. There is a unique sequence of functions wy,ws, ... assigning to
each real vector bundle E — B over a a space B a class w;(E) € H(B;Z/2),
depending only on the isomorphism type of E, such that

a) wi(f*E) = f*(w;(E)) for a pullback along a map f: B' — B which is covered
by a bundle map.

b) w(EL @ Ey) = w(E))w(Es) where w =1+ w; +wy+ ... € H(B;Z/2).

c) wi(E) =0 ifi >dimE.

d) For the canonical line bundle i on P, wy (1) is non-zero.

9.1. Existence of Stiefel-Whitney classes. In the previous lecture we defined
the Stiefel-Whitney classes w;(E) for any vector bundle 7: E' — B. Recall that
for simplicity we assume that the base space B is paracompact. The idea was
the following.

Our bundle induces a map ¢g: £ — R*> which is linear and injective on each
fiber. We can projectivize it by deleting zero vectors and then take the quotient
by scalar multiplication. This gives us a map P(g): P(F) — P*>. Let y be a gen-
erator of H'(P>*;Z/2) and let x = P(g)*(y) € H'(P(E);Z/2). Then the powers
r;:=a'€ H(P(E);Z/2) for i =0,...,n— 1 are the desired classes since a linear
injection R™ < R* induces an embedding P"~! < P> for which y pulls back to
a generator of H'(P"1;Z/2) (because the classes are nonzero).

Note that the classes z° do not depend on the choice of ¢g. For any two linear
injections R" — R> are homotopic through linear injections, so the induced em-
beddings P"~1 < P> of different fibers of P(E) are all homotopic. The second
assertion of the lemma then implies the claim.

Hence, by the Leray-Hirsch theorem, H*(P(E);Z/2) is a free H*(B;Z/2)-
module with basis 1,z,...,2" !. Consequently, " can be expressed uniquely
as a linear combination of these basis elements with coefficients in H*(B;Z/2).
Thus there is a unique relation of the form

2"+ w (E)x" 4w (E) =0

for certain classes w;(E) € H'(B;Z/2). Together with the convention w;(E) = 0
for i > n and wo(£) = 1 this is our definition of the Stiefel-Whitney classes of E.
It remains to show that these classes satisfy the desired properties.
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a) Consider a pullback bundle f*E = E":

gL F

B-l.B

If g: E — R* is a map that is a linear injection on fibers then so is g f’. It follows
that P(f")* takes the canonical class x = z(F) in H(P(E);Z/2) to the canonical
class z(E') in H'(P(E’);Z/2). Then

P(f’)*(zz ]P)<7T)*(wz<E)) . J}(E)”*z) — ZZ[P(JN)* o P(W)*(wZ(E))] . [[P(f’)*(x(E)nﬂ)]
JP() o f*(wi(E) - ()"

in H*(E';Z/2). This shows that the relation
2(E)" + wy (E)z(E)" ' + ...+ w,(E) = 0 defining w;(E)
pulls back to the relation
(BN + ffw (E)x(E)" ' + ...+ ffw,(E) = 0 defining w;(E").
By the uniqueness of this relation in the free H*(B;Z/2)-module H*(E;7Z/2), we
get w;(E') = f*(w;(E)).

b) The inclusions of F; and FE, into E; & E, give inclusions of P(F;) and
]P)(EQ) into ]P(El @EQ) with ]P(El) ﬂP(EQ) = @ Let U1 = P(El @EQ) —]P)(El) and
Uy = P(E @& Es)—P(E,). These are open sets in P(E, & E5) which cover P(Ey @ E,)
and that deformation retract onto P(E}) and P(Es) respectively. This means that
the inclusions P(E}) < U, and P(E,) < U, are homotopy equivalences.

A map g: Fy® Ey — R* which is a linear injection on fibers restricts to such a
map on £ and Es. By the way we constructed the canonical classes, this implies
that the canonical class © € HY(P(E; & E;Z/2) for Ey @ Es restricts to the
canonical classes for F; and E.

If 4 and E5 have dimensions m and n, we consider the classes

w =Y wi(E)a™ 7 and wy = Y w;(E)a" 7 in H'(P(E) ® E); Z/2).
J J
Their cup product is
Wi Wy = Z[ Z w, (B )w,(Ey)|z™ ",
j r4s=j
By the definition of the classes w;(E}), the class w restricts to zero in H™(IP(E4);Z/2).
Hence w; pulls back to a class in the relative group
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and wy pulls back to a class in the relative group

H"(P(E, & B»),P(E»); Z/2) = H"(P(E, & E»),U1; Z/2).

The following commutative diagram then shows that w; - wy = 0:

| |

H™P(E, ® E»); Z/2) x H'(P(E, & E»); Z/2) H™(P(Ey @ E»); Z/2).

This shows that
Wy - wy = Z[ Z w, (B )w,(Ey))z™ ™™ =0
j rhs=j
is the defining relation for the Stiefel-Whitney classes of E; @ F,. Thus
UJj(El D Eg) = Z wT(El)U)T<E2).

r+s=j

¢) holds by definition.

d) Recall that the canonical line bundle v! on P> is given by
E(yY) = {(tw) € P x R®|v € (}.

The map P(7) is the identity in this case, i.e. 7' is equal to its own projective
bundle. The map ¢g: F — R* which is a linear injection on fibers can be taken
to be

g(lw) = .
So P(g) is also the identity and x(FE) is a generator of H'(P>;Z/2) and restricts

to the generator in H'(P';Z/2). This proves the existence of Stiefel-Whitney
classes.

9.2. Uniqueness. To show the uniqueness we will use an important property of
vector bundles, the splitting principle:

Proposition 9.2. For each vector bundle m: E — B there is a space F(E) and
a map P: F(E) — B such that the pullback p*(E) — F(FE) splits as a direct sum
of line bundles, and p*: H*(B;Z/2) — H*(F(E);Z/2) is injective.

Now we can finish the proof of Theorem 9.1 and show the uniqueness of Stiefel—
Whitney classes. Property d) determines w;(y') for the canonical line bundle
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Y

v! — P*. Property c) then determines all the w;(y')’s. We will now use the
following property of the line bundle ~!.

Remark 9.3. The canonical line bundle 4! on P> is the universal line bundle in
the following sense. Given a line bundle £, then there is a bundle map f: & — ~*
which is unique up to homotopy. For let £ be given by a map n: £ — B. We
have seen in the previous lecture that we can find a map g: £ — R* that is
linear and injective on fibers. Then we can define f by

f(e) = (g(fiber through e), g(e)) € ~'.

Using the universality of v, we see that property a) therefore determines the
classes w; for all line bundles. Property b) extends this to sums of line bundles.
Finally, the splitting principle implies that the w.s are determined for all bundles.



NOTES ON VECTOR BUNDLES AND THE ADAMS CONJECTURE 35
10. SPLITTING PRINCIPLE AND THE PROJECTIVE BUNDLE FORMULA

There are two leftovers from the proof of the existence and uniqueness of Stiefel—
Whitney classes. One is the splitting principle, the other one is the Leray—Hirsch
theorem.

10.1. The splitting principle.

Proposition 10.1. For each vector bundle w: E — B there is a space F(E) and
a map p: F(E) — B such that the pullback p*(E) — F(E) splits as a direct sum
of line bundles, and p*: H*(B;Z/2) — H*(F(F);Z/2) is injective.

Proof. Consider the pullback P(7)*(E) of E via the map P(7): P(F) — B. This
pullback contains a natural one-dimensional sub-bundle

L={(lw) e P(E) x Elv e}

Assuming B is paracompact (although this holds for any B) we can equip E with
an inner product. This inner product pulls back to an inner product on P(7)*(E).
Hence we get a splitting of the pullback as a sum L @ L*. The orthogonal
bundle L+ now has dimension less than E. By the Leray Hirsch theorem we
know H*(P(E);Z/2) is the free H*(B;Z/2)-module with basis 1,z,...,2" 1. In
particular, the induced map

H*(B;Z/2) — H*(P(E); Z/2)

is injective since one of the basis elements is 1.
Now we can repeat this construction for the bundle L+ — P(E) instead of £ — B.
After finitely many steps we obtain the desired result. OJ

Remark 10.2. We can describe F(FE) as follows. The complement L+ consist of
pairs (¢,v) € P(E) x E with v Lf. At the next stage we construct P(L1), whose
points are pairs (¢,¢') where ¢ and ¢ are orthogonal lines in £. Continuing this
way, we see that the final space F(E) is the space of all orthogonal splittings
(@ ... ® L, of fibers of E as sums of lines, and the vector bundle over F(FE)
consists of all n-tuples of vectors in these lines.

In the previous proof we used the following result.

Proposition 10.3. Let B be a paracompact space and & a real vector bundle
giwen by the map m: E — B. Then £ can be given the structure of a Fuclidean
vector bundle.

Proof. See problem set 1. O
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10.2. The Leray—Hirsch theorem. The precise statement of the Leray-Hirsch
theorem is:

Theorem 10.4. Let F % E 2 B be a fiber bundle such that for a principal ideal
ring R,
a) H"(F; R) is a finitely generated free R-module for each n,
b) and there exist classes c; € H" (E; R) for j = 1,...,r whose restrictions t*(c;)
form a basis for the R-module &, H"(F; R) in each fiber F.
Then the map p: H*(B; R)@rH*(F; R) — H*(E; R), >, bidu*(c;) = 35 v (bi)ey,
s an isomorphism.
Remark 10.5. 1. Note that the theorem makes only an assertion on the structure
of H*(E; R) as an H*(B; R)-module. It does not specify the ring structure of
H*(E; R). In fact, there are examples where the map

¢: H'(B; R) @ H*(F; R) — H"(E; R)

is not a ring isomorphism.

2. An example of a fiber bundle where the assertion of the theorem does not
hold is the Hopf bundle

St — 53 Ly 52,
(Recall that f can be defined as f: S® — CP! = S? viewing S® as the unit

sphere in the complex plane C2. Such an f is the attaching map in the complex
projective plane CP? = 5% Uy e* where e? is a disk of dimension 4.)

We know that H*(S?; R) is not isomorphic to H*(S?%; R) ® g H*(S*; R). For we
have
HY(S* R) =0but H°(S*;R) @ H'(S*; R) = R.
The assumptions of the theorem require that the map *: H*(F; R) — H*(F; R)
is surjective in each degree. This is obviously not the case for the Hopf bundle.

Sketch of a proof of Theorem 10.4 for compact base spaces:

Throughout the proof we write H*(X) for H*(X; R). We only sketch a proof
for the case that B is compact, though the theorem holds for arbitrary base
spaces.

Let Ube an open subset of B such that there is a homeomorphism
h: By :=7*U)—UxF.

Let jy: Ey — FE be the natural inclusion and 7y be the restriction of 7 to
U. Then the Kiinneth Theorem says that the map ny.: H*(U) — H*(Ey) is
injective and the elements j;(c1),. .., j5(¢,) form a basis of the H*(U)-module
H*(Ey).
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Now assume that the theorem is true over the open subsets U, V and U N V.
We want to show that it is also true over U U V. Therefore we introduce two
functors K™(W) and L"™(W) on the open subsets W of B as follows. Let ¢; be an
indeterminant of degree k;. (The ¢; have no real meaning, they are just useful to
define something else.) We set

K"(W):=Y_ H""(W), and L"(W) := H"(Ey).
j=1
For every W we have the homomorphism

Ow: K"(W) — L"(W), > ajtj = > " (x;)c;.

Then we convince ourselves that the theorem is true over W if and only if 6y is
an isomorphism.

The functor W — L™(W) is just the restriction of a functor which satisfies the
Mayer—Vietoris property. The functor W +— K"(W) is a direct sum of functors
which satisfy the Mayer—Vietoris property. Hence we have the following commu-
tative diagram with exact rows:

K™Y U)e K" Y(V) —= K" (UNV)—= K"UUV) — K"(U) & K"(V) —= K" (U N V)

| | o | |

LY U) & L N(V) ——= LY (UNV)—= L"UUV) —— L"(U) & L"(V) — L"(U N V)

By our assumption the theorem is true for U, V and U NV and hence the four
unlabelled vertical maps are isomorphisms. By the 5-Lemma, the map Oyyy is
thus an isomorphism too. Hence the theorem also holds over U U V.

Now it remains to cover B by finitely many open sets B = U; U... U U, such
that our bundle becomes trivial over each U;. This completes the proof for a
compact base space.

More sophisticated arguments using the Serre spectral sequence associated to
the fibration sequence F — E % B also prove the general case. A more elemen-

tary proof of the general statement can be found in Hatcher’s book (Theorem
4D.1).
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11. THE GRASSMANNIAN MANIFOLD AND THE UNIVERSAL BUNDLE

11.1. Representability of Vect®(B). In the previous lecture we used the fact
that the canonical line bundle 4! over the (infinite) real projective space is uni-
versal among all line bundles in the sense that given a line bundle ¢ there is a
bundle map £ — ! which is unique up to homotopy. This bundle map comes
equipped with a homotopy class of maps B — P> where B denotes the base
space of £. In fact, there is a bijection

Vect'(B) = [B, P™]
between the set of isomorphism classes of real line bundles over B and the set of

homotopy classes of maps B — P>°.

We still need to prove this statement. In fact, we would like to show a general-
ization to k-dimensional bundles. For each k there is a real manifold, called the
Grassmannian manifold and denoted by Gry, with a k-dimensional real vector
bundle v* on Grj, such that for any paracompact base space B the set of iso-
morphism classes of k-dimensional bundles over B is in bijection with the set of
homotopy classes of maps B — Gry:

Vect"(B) = [B, Gry).

The bundle 7* is called the universal k-dimensional vector bundle.

11.2. The Grassmannian. The Grassmannian manifold Gry,(R""*) is the space
of k-planes in R"**. It can be identified with the quotient of the Stiefel manifold
Vi(R"*k) of orthonormal sequences
[v1,. .., Ug]

of vectors v; € R"* modulo the equivalence relation

(U1, .. 0] ~ [vg, .. o] - T,
with T" any orthogonal k X k-matrix.
Remark 11.1. The topology of the Stiefel manifold is given as follows. We can
consider Vj(R"**) as a subspace of the product R™** x ... x R"** of k copies
of R"**. More precisely, Vj(R"**) is the subspace of S"**=1 x ... x k=1 of
copies of spheres S"t*~! given by all orthogonal k-tuples. It is a closed subspace

since orthogonality of two vectors can be expressed by an algebraic equation. In
particular, Vi (R"**) is compact, since the product of spheres is compact.

Now there is a natural surjective map

V"C(Rn—l-k) N Grk<Rn+k)
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sending an orthonormal sequence to the subspace it spans. We equip Gry(R""*)
with the quotient topology with respect to this surjection. In particular, Gry(R"*)
is compact as well.

Example 11.2. We already know one example of a Grassmannian. The Grass-
mannian Gry(R™""!) is just P", and the presentation described above is just the
representation of P as the quotient space of S™ by the antipodal action.

Proposition 11.3. The space Gry,(R™*) is a manifold of dimension k - n.
Proof. Let V. C R"** be a k-plane, and let W be the orthogonal complement of

V. Then the subspace U C Gry(R™"*) consisting of k-planes V/ with the property
that V' N W = {0} is an open neighborhood of V.

Note: To see that U is open it suffices to show that its preimage U in Vi (R™HF)

is open. The set U consists of all orthonormal frames [vy, ..., v;] such that the
p(v1),...,p(vg) are linearly independent where p is the projection
p: R 5V

Writing M for the k x k-matrix with column vectors p(v1), . . ., p(v;) we see that U
consists of all frames such that the resulting M has non-zero determinant. Hence
U is an open subset.

Thinking of V' € U as the graph of a linear map V' — W, gives a bijection
T:U — Hom(V,IV)
of U with Hom(V, W), which is a real vector space of dimension & - n.
The correspondence T is in fact a homeomorphism. For let
p: VoW =V

be the orthogonal projection and let zq,...,z, be a fixed orthonormal basis for
V. Then each V' in U has a unique basis ¥, ..., y, such that

p(y1) = x1,....p(Yn) = 2.

The orthonormal frame [y, ..., y,] depends continuously on V’. Moreover, the
Y1, - - -, Yn satisfy the identity
(1) yi =z + TV )z,

by definition of 7" and the choice of the y;’s. Hence, since y; depends continu-
ously on V', it follows that the image T'(V')z; € W depends continuously on V.
Therefore the linear transformation depends continuously on V.
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On the other hand the identity (1) shows that the n-frame [y, ..., y,] depends
continuously on T'(V’), and hence that V' depends continuously on T'(V’). Thus
the function 77! is also continuous and T is a homeomorphism. OJ

The inclusions R"** ¢ R**** C .. induce inclusions
Cri(R™*) € Gryy(R™HF) € ...

The infinite Grassmannian manifold is the union
Gry := Gr(R®) = | | Grp(R™).

This is the set of all k-dimensional vector subspaces of R>. The topology of Gry,
is the direct limit topology, i.e., a subset of Gry is open (or closed) if and only if
its intersection with Gry(R™**) is open (or closed) as a subset of Gry,(R"™*) for
each n.

Once again, Gr; is just the infinite real projective space P>.

11.3. The canonical bundle. The Grassmannian Gry(R"™*) is equipped with
a canonical k-dimensional vector bundle v*(R"*¥) defined as follows. Let

E = E(*(R™))
be the set of all pairs
(k-plane in R™™*, vector in that k-plane).

The topology on E is the topology as a subset of Gry(R"™*) x R"**_ The projec-
tion map
7: E — Gri(R"%), is defined by 7(V,v) =V,

and the vector space structure is defined by

tl(‘/, Ul) -+ tQ(V, ’UQ) = (V, tll}l -+ tQUQ).

Over the infinite Grassmannian Gry, there is also a canonical bundle v* whose
total space is
E(*) C Gry x R®
the set of all pairs
(k-plane in R*, vector in that k-plane)

topologized as a subset of the product Gry x R®. The projection 7: E(7*) — Gry
is given by w(V,v) = V.

Note that the bundles v!(R™*1) and ! are of course just the bundles v} on P"
and ! on P" respectively.
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Lemma 11.4. The just constructed bundles v*(R"™) and ~* satisfy the local
triviality condition.

Proof. We start with 4*(R"**). Let V C R"** be a k-plane, and let U be the open
neighborhood of V' constructed in the proof of Proposition 11.3. The coordinate
homeomorphism

h:UxRF2U XV = 77Y(U)
is defined as follows. Set h(V' x) := (V' y) where y denotes the unique vector in
V' which is carried into z by the orthogonal projection

p: R LV
The identities
R(V',z) = (V' 2+ T(V")z) and L (V',y) = (V',p(y))

show that A and h~! are continuous.

For ~* it suffices to note that an open neighborhood U for a k-plane V in
Gry, is just the union of the neighborhoods of V in the Gry(R"™*). Hence the
coordinate homeomorphisms just constructed fit together to give a coordinate
homeomorphism over U. The continuity follows from the fact that we use the
direct limit topology on Gry. 0

Our next goal is to prove the following fundamental result.

Theorem 11.5. For a paracompact space B, the map [B,Gr;] — Vect®(B),
[f] = (%), is a bijection.

Remark 11.6. The infinite Grassmannian Gry, is called the classifying space and
7" is called the universal bundle for k-dimensional real vector bundles.
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12. REPRESENTABILITY OF Vect®(B)

Our next goal is to prove the following fundamental result.

Theorem 12.1. For a paracompact space B, the map [B,Gr;] — Vect®(B),
[f] = (7). is a bijection.

Remark 12.2. The theorem justifies to call the infinite Grassmannian Gry is
the classifying space and " is the universal bundle for k-dimensional real vector
bundles.

Example 12.3. Let 7 be the tangent bundle to S™ in R"*!. It is given by the
projection p: (1) — S™ where
E(1) = {(z,v) € S" x R*""!|z Lv}.

Each fiber p~!(x) is an n-plane and hence defines a point in Gr,(R""!). This
defines a map

S™ — Gr,(R™™), 2+ p~ ().
Via the inclusion R**! < R*> we can view this as a map

f: 8" = Gr,(R*) = Gr,.

The bundle 7 is exactly the pullback f*(~7™). We check this on total spaces in the
diagram

E(r) = [-(E(") —= E(")

Gr,,.

since we have

F{(EGM) = {(x. (V.v) € S E(y")|f(2) = 7(Vao)} = {(z, (Vo) lp ' (2) = Vi e L},

12.1. Proof of Theorem 16.5. We first claim that, for a k-dimensional bundle
p: E = E(§) — B, an isomorphism & 2 f*(4*) is equivalent to a map g: £ — R
which is linear and injective on each fiber. To prove this claim suppose we have a
map f: B — Gry and an isomorphism £ & f*(v¥). Then we have a commutative
diagram

= ok I Ky 9" oo
E— f*(y") —= E(y") —R

RN

B Grk

with ¢*(V,v) = v. The composition along the top row is a map g: £ — R*> which
is linear and injective on each fiber, since both f’ and ¢* have this property.
Conversely, given a map g: £ — R* which is linear and injective on each fiber,

f
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define f: B — Gry by letting f(b) be the k-plane g(p~'(b)). This yields a com-
mutative diagram as above.

Now we are ready to prove the theorem. We start with the surjectivity of the
map [B, Gry] — Vect*(B). Let ¢ be a k-dimensional bundle given by the map
p: E — B. Since B is paracompact there is a countable open cover {U,} of B
such that £ is trivial over each U; and there is a partition of unity {¢;} with ¢,
supported on U;. Let g;: 7~ *(U;) — R"™ be the composition of a trivialization
p*(U;) = U; x R™ with the projection onto R™. The map

(pjop)-g;:p " (U;) = R v ¢;(p(v)) - g;(v)

extends to a map E — R" that is zero outside p~!(U;). Near each point of B
only finitely many ¢,’s are nonzero, and at least one ¢; is nonzero. Hence these
extended maps (¢; o p) - g; are the coordinates of a map g: £ — (R")>* = R>
that is a linear injection on each fiber. By our claim above this induces a map
f: B — Gri and the proof of surjectivity is complete.

For injectivity, let fo, fi: B — Gry, be two maps with isomorphisms & 2 f(+*)
and £ 2 f7(v*). By our first claim these two maps induce maps go, g1: £ — R™®
which are linear and injective on each fiber. We will now show that gy and g, are
homotopic through maps ¢; which are linear and injective on each fiber. Then f
and f; are homotopic via

fi0) = g:(p™' (V).
Therefore, let L; be the homotopy
Li: R® - R, Ly(xy,29,...) = (1 —t)(xy,29,...) + t(21,0,22,0,...).
For each t, this is a linear map. Its kernel is trivial, since if
Li(zy,...,x,) = (1 = t)xy + tay, (1 — t)zo, (1 — t)xg + tag,...) =0

then we get ;1 = 0, x5 = 0,.... Hence L; is injective. Composing L; with g
moves the image of gy into the odd-numbered coordinates and we have a homotopy
which is linear and injective on fibers

go = Lo o gy~ Liogy=:go.

Similarly, let M, be the homotopy
Mtl R — Roo, Mt(xl,xg, .. ) = (1 — t)($1,$2, - ) -+ t(O, Ty, 0,332, O, .. )
For each ¢, this is a linear map. Its kernel is trivial, since if

Mt($1, Ce ,In) = ((1 — t)[L'l, (]. - t)xg + tIl, (]. - t)Ig, (]_ — t)l’4 + t(lfg, .. ) =0
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then we get 1 = 0, x5 = 0,.... Hence M, is injective. Composing M; with
g1 moves the image of g; into the even-numbered coordinates and we have a
homotopy which is linear and injective on fibers

g1 =Moo gy ~ Myog =:g.
Then we let
gr = (L —=1)go + 11
The reason for composing with L; and M, is that g, is a map which is linear and

injective on fibers for each ¢, since gy and g; are linear and injective on fibers.
Overall we obtain homotopies which are linear and injective on fibers

go ~ Go ~ g1 ~ g1

as desired. This completes the proof of Theorem 16.5.

12.2. Universality reformulated. The statement of Theorem 16.5 is closely
related to the following two assertions which reformulate the universality of the
canonical bundle 7.

Theorem 12.4. For any k-dimensional bundle & over a paracompact base space
B there exists a bundle map f: & — A*.

Proof. We have seen in the previous proof that there is a map
g: E(§) —» R>

which is linear and injective on the fibers of ¢ and which is unique up to a
homotopy which is linear and injective on the fibers. Then we can define the the
bundle map f by

f(e) = (g(fiber in which e lies), g(e)).
O

Two bundle maps F,G: & — ~* are called bundle-homotopic if there exists a
one-parameter family of maps

H: 6 =% 0<t <1,
with Hy = F', H; = (G such that
H: E(€) x [0,1] = E(v")
is continuous as a function of both variables.

Theorem 12.5. Any two bundle maps from a k-dimensional bundle & to v* are
bundle-homotopic.
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Proof. Let £ be given by the map p: E — B. We know that a bundle map
F: & — 4% determines a map

g: E(§) — R>

whose restriction to each fiber of ¢ is linear and injective. Conversely, g determines
F' by the identity

F(e) = (g(fiber in which e lies), g(e)).

Now suppose we have two bundle maps Fy, Fi: &€ — ~* and let fo, fi: B — Gry,
be the corresponding maps on base spaces. We have seen in Lecture 04 that the
bundle maps Fy, F} come equipped with isomorphisms € & f§(+*) and € 2 f;(v%).
Then we know from the proof of Theorem 16.5 that there is a homotopy g; between
go and g; which induces a homotopy f; between fy and f;. But the homotopy ¢,
also induces a bundle homotopy F; between Fy and Fj by defining

Fi(e) := (g:(fiber in which e lies), g:(e)).
0J

12.3. Universal characteristic classes. We can use the above results to re-
consider the concept of characteristic classes. For a k-dimensional vector bundle
§ let fe: B — Gy, be a representative of the homotopy class corresponding to §
under the bijection of Theorem 16.5.

Now let R be any coefficient ring and let
c € H'(Gry; R)
be any cohomology class. Then we get an induced class
(€) = fi(c) € H'(B; R).
Definition 12.6. The class ¢(§) is called the characteristic cohomology class of
¢ determined by c.
Note that the correspondence & — ¢(€) is natural with respect to bundle maps,

i.e., it commutes with pullbacks.

Conversely, given any correspondence
£ c(§) € H(BR)
which is natural with respect to bundle maps, then we must have

c(&) = fre(h).

Thus the above construction is the most general one. In other words:
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Corollary 12.7. The ring consisting of all characteristic cohomology classes for
k-dimensional bundles over paracompact base spaces with coefficient ring R s
canonically isomorphic to the cohomology ring H*(Gry; R).

Hence it is a very important task to compute the cohomology ring H*(Gry; R).
For R =7/2, we will do this in the next lecture.
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13. SCHUBERT CELLS AND SCHUBERT VARIETIES

In this lecture we follow notes by Mike Hopkins which are not listed in the
references mentioned at the beginning of the semester.

The interior of the i-cell in P" is the space of lines contained in R**! but not in
R*. There is an analogous cell decomposition of the Grassmannian. Each k-plane
V C R"* determines a sequence of numbers

(dimV N R, dimV N R, ...).

Note that the dimension jumps in each step by at most one, since the following
sequence is exact:

0—=VnN Ri—l N P RZ i-th coordinate R.

Moreover, he sequence contains exactly £ jumps.

For instance, if V is the 3-plane in R® spanned by the rows of the matrix

1 1 000
2 =11 00
1 1 0 2 2
then our sequence of numbers would be
(0,1,2,2,3).

Let us keep track of where the dimensions jump, and record these numbers as

(J1,- -+, Jk)- In our example the sequence of j’s would be
(2,3,5).

Finally, for reasons that will be clear in a moment, we decide to use the sequence
(ay,...,ax) instead with

a; = Ji —t.
In our example the sequence of a’s is
(1,1,2).
Definition 13.1. A Schubert symbol is a sequence a = (ay, . .., ax), with
0<a; <...<ay.
The associated jump sequence is the sequence j = (ji,. .., jr) With j; = a; + 1.

Remark 13.2. One should be aware of that other authors also use the name
7Schubert symbol” to refer to the sequence j.
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Now let a = (aq,...,ax) with ay < n be a Schubert symbol, and let
H; =R’
with j; = a; + i as before. Then the H; define a filtration of R"*+*
0CcH C HyC---C H, CR"™,
We set
Qy = {V € Gr(R™™)|dim V N H; > i}.

Definition 13.3. The space (1, is called the Schubert variety associated to the
Schubert symbol a.

Example 13.4. When £ = 1 the sequence ¢ is just a number a. In that case the
Schubert variety is P?.

As a next step we will make the set of Schubert symbols of a fixed length k
into a partially ordered set by defining o’ < a if and only if

a; < a; fori=1,... k.

We can use this ordering to make the set of all Schubert symbols into a partially
ordered set by first filling the symbols on the left with 0’s to make them have
the same length, and then using the above partial ordering. Thus, with this
convention
(17 27 2) Z (17 2)7

since

(1,2,3) > (0,1,2).
Definition 13.5. The Schubert cell associated to the Schubert symbol a is the
space

=9, - | .

a'<a

Remark 13.6. Another warning: The Schubert cells are not quite ”cells”. They
are merely the interiors of cells.

Remark 13.7. The space Q9 consists exatly of the V € Gry(R"**) whose asso-
ciated Schubert symbol is a. In particular, each V lies in exactly one Qg where a
is the Schubert symbol corresponding to the dimension sequence of V.

Proposition 13.8. The space Qg is homeomorphic to Rl where we denote
la| = a1 + ... + ag.

Proof. We show that each V' € Qg has a canonical basis of a special form. Let

{e1,...,€nsr} be the standard basis of R"**. First, choose a non-zero v; € VN H;.
This space is one-dimensional, so v; is determined up to a scalar mutliple. We



NOTES ON VECTOR BUNDLES AND THE ADAMS CONJECTURE 49

can normalize v; by requiring (€;,,v;) = 1. Now choose vy € V N Hy with the
properties

<€j27 U2> = 1

<6j1>v2> = 0.
Since V' N Hy has dimension 2 these two equations characterize vy uniquely, pro-
vided they can be solved. But we know they can be solved. For the map

VN H2 — H2 — HQ/Rjzil]R " €jy

is non-zero since dim VNR?2~! = 1. Continuing, we find a unique basis {vy, ..., v;}
of V' with the property that v; € H; for all ¢, and

(€j,,vs) = 1forall s and
(€j,,v)) = 0for s#t.

Now if we let V' vary in Qg, we see that the space of all possible v;’s is a vector

space of dimension dim H; —1, since v; lies in H; and has to satisfy ¢ equations. [

Remark 13.9. Another way to think of the v; is to consider them as the rows
in a matrix. For example, in the case Gr3(R*"3), with a = (2, 3,4) such a matrix
takes the form

*x x 1 0 0 0 0
* %« 0 x 1 0 0
* x 0 % 0 % 1

where the *’s denote arbitrary numbers as entries. The rows of this matrix are
the vectors vy, v5, and vs. Hence we see that the decomposition of Gry(R™**) into
Schubert cells corresponds to taking a matrix, reducing it to row echelon form,
and recording the columns with the pivots.



50 GEREON QUICK
14. A CELL DECOMPOSITION FOR THE (GRASSMANNIAN

Recall from the previous lecture:

o Schubert symbols: sequences a = (ay,...,a), with0 < a; < ... < ag. The
associated jump sequence is the sequence j = (j1, ..., jx) with j; = a; + 1.

e For given a, filtration 0 C H; C Hy C . C H, C R*"* with H, := RJ:.

e The Schubert variety Q, = {V € Gri(R"™)|dimV N H; > i} associated
to a.

e The Schubert cell Q) = Q, — <, Qu associated to a.

e We proved that the space €0 is homeomorphic to Rl where we denote
la| = a1 + ... + a,. We did this by showing that each V' € Grj,(R"™*) has
a special basis and the space of choices of those bases is a vector space of
dimension |a.

We will use these notions and the above result to define a CW-decomposition

of the Grassmannian manifold. We still follow the notes by Mike Hopkins.

14.1. A CW-decomposition. To see that the Schubert cells serve as the cells
of a CW-decomposition, we need to define the characteristic maps. For each a

let D¢ C Vi, (R"**) be the set of orthonormal sequences (vy, ... ,v;) satisfying
(N I{z
(€5,vi) > 0.

We define a map
S0 D* —
by sending (v1, ..., v) to the plane it spans.

Lemma 14.1. The map s, restricts to a homeomorphism of the interior of D*
with Q2.

Proof. Let s) be the restriction of s, to the interior of D% Let (vy,...,v;) be an
orthonormal frame on the boudnary of D% Then

V.= sg((vh ey Uk))

does not belong to Q0 for one of the vectors v; must have j; — 1th component
equal to 0. This implies

dim(V NR% 1) >4,
since we have dim(V NRJ) > 4. Hence V does not lie in Q, since for a k-plane
in Qg the number j; is exactly the first dimension where V N R™ has dimension
1. The construction of the previous lecture of the special basis for the planes in
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Qg then shows that sg is a bijection. It remains to show that sg and its inverse
are continuous. We leave this to the reader. 0

The next result shows that the s, serve as characteristic maps for the cells in
the Grassmannian.

Proposition 14.2. The space D% is homeomorphic to the product
Dg' x Dg? x ... x Dgk,

in which each Dy is the disk consisting of the unit vectors v € H; with the
properties

<U7Eji> 0

(v,€j,) 0 fort <i.

Hence D% is homeomorphic to the disk D+t

v

Proof. For each unit vector v € Hy with (ej,,v) > 0, let T}, € SO(n + k) be the
orthogonal transformation which rotates v to ¢;, in the plane spanned by v and
€j,, and which is the identity on the orthogonal complement of this plane. Note
that T, restricts to an orthogonal transformation of H; to itself since both v and
€j, are in H; (H, is a subspace of H;), and has the property that T, (¢;,) = ¢;, for
¢ > 1, since both v and ¢;, are orthogonal to €;,. We now use this transformation
T to define a homeomorphism

(2) D* — D& x DY,
in which D%/ is the space of orthonormal sequences
(V.. L)
with v} € H; N {¢;, }*, and
(e;,v;) > 0.

In other words, D2 is the cell in Gry_;(R™#~1) associated to the sequence
a = (ay,...,ap),
in which we are regarding R"**~! as the Euclidean space with basis
{edt # i}
Once we establish the homeomorphism (2), we are done by induction on k.
The homeomorphism (2) is the map whose first component is the projection
(U1, ..., 0,) — v,
and whose second component is

(Ty,v2, - .., Ty vp),
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so that
v = T, v;.
Since T, is orthogonal, the sequence (v5,...,v;) is orthonormal. To verify the
conditions that the sequence be in D%/, first note that for ¢ > 1, we have

0= <U1avi> = <Tv1U17Tv1Ui> - <€j1>Tv1vi>’

and also
0< <6j17vi> = <T111€j17Tv1vi> = <Ej1’Tv1Ui>’
since ¢; is orthogonal to both €; and v;. The inverse homeomorphism is

(Ul,?];, s ,U;g) = (U17Tz;17jé7 cee 7TU_11U;€)'
Reversing the above computations which checked the conditions shows that it
carries Di' x D} to D2 O
Remark 14.3. a) There are " _){:— y cells in Gry(R™™). This is the number of

ways of choosing k distinct numbers j; with j; < n + k.

b) In particular, the number of r-cells in Gry(R"**) is equal to the number of
partitions of r into at most k integers a; each of which is < n.

c¢) If k and n are > r then the number of r-cells in Gry(R"**) is equal to the
number of partitions of r into at most k integers (zeroes in the beginning of the
sequence a are allowed).

d) The number of r-cells in Gry is equal to the number of partitions of r into at
most k integers.

Corollary 14.4. The maps

St DY — Q,
with a’ < a are the characteristic maps of the cells in a CW-decomposition of the
Schubert variety €.

In the next lecture we will prove the following result.
Proposition 14.5. The cellular boundary map
At Q) @ Z/2 — CE () @ Z)2

1S Zero.

Let x, be the homology class corresponding to the cellular cycle given by the
map s,. Then the above result implies the following fundamental fact.

Corollary 14.6. The classes
T € Hy(Qa;Z/2)

with @ < a form a basis for the homology groups, where |a| = a; + ...+ ax.
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Before we prove these results, we look at some consequences. The picture below
lists the sequences a occurring in the cell decomposition of Gry(R3+2). The reverse
of the partial ordering is indicated by an arrow, and the height corresponds to
the dimension of the cell: (Recall: The dimension of Gry(R*™2) is 6, the Schubert
symbol (3,3) has associated the maximal jump sequence (4,5) and corresponds
to a cell in dimension 3 + 3 = 6. The cell (0,0) is in dimension zero.)

(3,3)
J
(2,3)
N
(2,2) (1,3)
(1,2) (0,3)
N
(1,1)  (0,2)
\
(0.1)
(0,0)

By looking at this diagram we see that the homology satisfies Poincaré duality
in the sense that

dim HZ(GTQ(R5)) = dim Hﬁ_i(GrQ (R5>)
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For instance, if we want the homology of €2(; 3) we look at the position labeled
(1,3), and everything below it

(1,3)
AN
(1,2) (0,3)
N
(1,1) (0,2)
\
(0.1)
(0,0)

We can see from the diagram that (}(; 3y cannot satisfy Poincaré duality,
(3) dim HZ(QQ) = dim H|Q|_Z<Qg)

Hence (1(; 3y cannot be a manifold. Looking at the diagram, the only Schubert
varieties in Gry(R®) which might be manifold are Q) with

(2,2)
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and Qg with ¢ < 3 and
(0,3)

(0,2)

(0,1)

(0,0)
In fact, one can show that if the homology of €2, satisfies Poincaré duality in the
sense of (3) then ©, is homeomorphic to Gr,(R™*) for some pair (¢, m) and so is
in fact a manifold. The point is that the Poincaré duality condition implies that
the Schubert symbol a must have exactly one immediate predecessor. (You will
be asked to prove this on the next Problem Set.)
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15. THE COHOMOLOGY OF THE GRASSMANNIAN

Our first goal is to show the following result.
Proposition 15.1. The cellular boundary map
A CeM(Qy) @ Z/2 — O () @ Z)2

18 Zero.

Let x, be the homology class corresponding to the cellular cycle given by the
map s,: D* — €, defined in the previous lecture. Then the above result implies
the following fundamental fact.

Corollary 15.2. The classes
Ty € Hy(Qa;Z/2)

with @ < a form a basis for the homology groups, where |a| = a; + ...+ ax.

15.1. The flag varieties. The aim of this section is to prove Proposition 15.1.
Therefore, we start with an observation. Suppose that X is a CW-complex, M
is a closed manifold of dimension n, and f: M — X® is a map form M to the
n-skeleton of X. Let apy € H,(M;7Z/2) be the fundamental class. The image of
oy under the map

Ho(M) = Hy(X™) — H,(X™, XDy = ceell( x)

defines a cellular chain ¢y € C<(X). In fact this chain is a cycle since it lies in
the image of H, (X ™) and so goes to zero under the first map in the factorization

H,(X™ X0y & H7, (X" = H,_(XD, x"=2)

of the cellular boundary map. In this way, maps of manifolds give homology
classes, and, in fact cycles in the complex of cellular chains.

We will need to be able to specify the cycle we constructed more precisely. If
the map

fiM— X =X"Yyprcx®

and that for some point z in the interior of D} there is a neighborhood U of z,
contained in the interior of D7, with the property that the restriction of f is a
homeomorphism

fYU) - U.
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In that case, the diagram

Hy(M)—=H,(M, M — f~(x))

~
~

H,(X')——H, (X', X" — {z})

~
~

H,(Dg, S57) Crl(X)

shows that the cellular cycle ¢y, is just the chain represented by the cell D]. In
particular, one learns in this case that the cellular represented by D! is, in fact,
a cycle. We will use these ideas to prove Proposition 15.1.

For each a, let
Fg C Grl(Hl) X oo X Grk(Hk)

be the subspace consisting of sequences (V;,...,V;) with

VicVeC--- C Vs

For some purposes it is useful to note that Fj, can also be identified with the
space
F, CP(Hy) x --- x P(Hy)
consisting of sequences of lines (¢1, ..., ;) which are pairwise orthogonal. There

is an obvious homeomorphism between these, under which V; corresponds to
(@ --- DY, and ¢; to the orthogonal complement of V;_; in Vj.

Proposition 15.3. The space F, is a manifold.

Proof. The proof is very similar to the proof of Proposition 11.3. Let

(4) Vi Vs o Vi
L |
H, H, e H,

be a point in F,, and write W; for the orthogonal complement of V; in H;. By
identifying W; with the quotient space H;/V;, the W; fit into a sequence

W1—>W2—>"'—>Wk.

(This sequence is not, in general, a sequence of monomorphisms.)

Let U C F, be the open neighborhood of the point (4) consisting of sequences
(V{ € --- C V/) with the property that for all ¢, V/ N W; = {0}. For such a
sequence, we may think of V; as the graph of a homomorphism V; — W;. This
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correspondence gives a homeomorphism of U with the space of sequences of linear
maps V; — W, fitting into a diagram

Wl W2 Wk

By choosing a basis {vy,..., v} of Vi with v; € V; one can identify this space
with
Wl DD Wk-

Hence this is a vector space with of dimension

dile_F."—i_dika:a’l—i_"'—i_ak.

Now let
fa: Fo — Q4

be the map sending a sequence (V7 ..., V) to Vj.

Proposition 15.4. The map
fo'(Qg) = Qg

a

1s a homeomorphism.

Proof. The inverse map sends V € Qg to the sequence (Vi,...,V,) in which

Now are finally ready to prove Proposition 15.1. The Schubert cell of €2, has
one cell of dimension a; + - - - + a; and all other cells of lower dimension. We just
proved that F, is a manifold. Hence the argument described at the beginning of
this section applied to the map

F, = Q,,

shows that the corresponding chain is a cycle. This shows that the boundary
map d°“ vanishes on the one cell in dimension |a|. All other elements in the
cell complex are given by maps from cells D for ¢’ < a to Q,. It follows from
the ordering of the Schubert cells and the definition of Schubert varieties that
the map s,: DY — €, factors through the map Q, — €,. This shows that
the boundary map d° actually vanishes on all elements in C¢(Q) ® Z/2. This
completes the proof of Proposition 15.1.
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15.2. The cohomology ring H*(Gry;Z/2). We will finally determine the co-
homology ring of the Grassmannian manifold Gry.

Theorem 15.5. The cohomology ring H*(Gry; Z/2) is a polynomial algebra over
Z)2 freely generated by the Stiefel-Whitney classes wi(Y¥), ..., wi(¥¥).

The idea of the proof is to show first that the Stiefel-Whitney classes of the
canonical bundle over Gry, freely generate a polynomial algebra over Z /2 contained
in H*(Grg;Z/2). Our knowledge about the cell structure of Gry then allows us
to show that H*(Grg;Z/2) is actually equal to this polynomial algebra.

We start with the following lemma.

Lemma 15.6. There are no polynomial relations among the w;(v*).

Proof. Suppose that there is a relation of the form p(w;(7*), ..., wp(7*)) = 0,
where p is a polynomial in k variables over Z/2. By the naturality of Stiefel-
Whitney classes, for any k-dimensional bundle £ over a paracompact base space
there exists a bundle map g: £ — +*. If we denote the induced map on base
spaces by g we get
wi(€) = g (wi(y")):

It follows that the cohomology classes w;(£) must satisfy the corresponding rela-
tion

p(wi(€), ..., wi(§)) = g plwr(VF), ..., wi(7*)) = 0.
Thus to prove the lemma it suffices to find some k-dimensional bundle ¢ such
that there are no polynomial relations among the classes wy(§), ..., w(§).

Let ! be the canonical line bundle over P* = Gr;. We know that H*(P>;Z/2)
is a polynomial algebra over Z/2 with one generator a of dimension one and
w(y!) = 1+ a. Taking the k-fold product

X =P% x ... x P>
it follows that H*(X;Z/2) is a polynomial algebra on k generators ai,...,ax
of dimension one. Here a; can be defined as the image 77 (a) induced by the
projection map
T . X — P~
to the ith factor. We define £ to be the k-fold product
E=7"x - xy = ()@@ ().
Then € is a k-dimensional bundle over X, and the total Stiefel-Whitney class
w(é) = mj(wy')) - m(wy') = (L +a)(1+az) - (1+ ag).
Hence w;(€) is the ith elementary symmetric function of ay,...,ax. It is a
well-known theorem in algebra that the k elementary symmetric functions in
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k variables over a field do not satisfy any polynomial relations. Thus the classes
wy(§),. .., wi(&) are algebraically independent over Z/2, and it follows that the
wi (), .- wi(7F). O

Now let us turn to the proof of Theorem 16.6. By the previous lemma, we
know that H*(Gry;Z/2) contains a polynomial algebra over Z/2 freely generated
by wi(v%), ..., wi(¥*). We will show that H*(Gry;Z/2) actually coincides with
this sub-algebra.

We know from the discussion of the cell discussion of Gry, is equal to the number
of partitions of 7 into at most k integers. Hence the dimension of H"(Gry;Z/2)
is at most equal to this number of partitions. On the other hand, we claim that
the number of distinct monomials of the form

wi (YF)™ -+ wy ()
in H"(Gry;Z/2) is also precisely equal to the number of partitions of r into at

Tk

most k integers. For to each sequence 71, ..., 7, of non-negative integers with
(5) T+ 2rg ke =7

we can associate the partition of » which is obtained from the k-tuple

(6) ThyTh + Thoty oo TE +Th1 -0+ 11

by deleting any zeros which may occur. Conversely, to a partition (6) corresponds
a sequence 71, . .., 7 of non-negative integers satisfying (5).

Since Z/2[w; (v%), . .., wk(¥¥)] is a sub-algebra of H*(Gry;Z/2), comparing the
degrees and dimensions proves the theorem.
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16. CHERN CLASSES FOR COMPLEX VECTOR BUNDLES

16.1. Orientation. From now on we will shift our focus to complex vector bun-
dles. Much of the theory for real vector bundles carries over to the complex case.
But there are a couple of important features of complex bundles. The first one is
that the complex structure induces an orientation of the underlying real bundle.

Lemma 16.1. Let w be a complex vector bundle. Then the underlying real vector
bundle wr has a canonical preferred orientation.

Proof. Let V' be a finite dimensional complex vector space. Choosing a basis
ai,...,a, for V over C, gives us a real basis for the underlying real vector space
VRZ
1,101, A2, 109, . . . , (p, L0y,

We claim that this ordered basis determines the required orientation for V. For
if by,...,b, is any other complex basis of V', then there is a matrix A € GL,(C)
which transforms the first basis into the second. This deformation does not alter
the orientation of the real vector space, since if A € GL,(C) is the coordinate
change matrix, then the underlying real matrix Ag € GLy,(R) has determinant

det Ag = |det A|* > 0.

Hence Ag preserves the orientation of the underlying real vector space. Another
way to see this is to note that GL,(C) is connected. Hence we can pass from
any given complex basis to any other basis by a continuous deformation, and this
continuous deformation cannot alter the orientation.

Now if w is a complex vector bundle, then applying this construction to every
fiber of w yields the required orientation for wg, since overlapping trivializations
determine a section in GL,(C). O

Remark 16.2. As a consequence, every complex manifold is oriented, since an
orientation of the tangent bundle of a manifold induces an orientation of the
manifold itself.

16.2. Chern classes. Chern classes for complex vector bundles can be charac-
terized by almost the same set of axioms as Stiefel-Whitney classes.

Theorem 16.3. There is a unique sequence of functions cy,ca, . .. assigning to
each complex vector bundle E — B over a a space B a class ¢;(E) € H*(B;Z),
depending only on the isomorphism type of E, such that

a) ¢;(f*E) = f*(c;(E)) for a pullback along a map f: B' — B which is
covered by a bundle map.
b) c(Ey @ Ey) = c¢(E1)c(Ey) wherec=14c¢1+co+ ... € H(B;Z/2).
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c) ¢i(E)=0ifi>dimE.
d) For the canonical complex line bundle i on CP>, ¢;(vL) is a specified
generator of H*(CP*;Z).

Proof. The proof is almost the same as for the existence and uniqueness of Stiefel-
Whitney classes with Z-coefficients and H*(CP*;Z) = Z[a]. The bundle £
induces a map g: £ — C* which is linear and injective on fibers. Define x €
H?*(E;Z) to be the element CP(g)*(«). The Leray-Hirsch theorem applied to
the fiber bundle CP(E) — B then implies that the elements 1,x, ..., 2" ! form a
basis of H*(CP(FE);Z) as an H*(B;Z)-module. Since we are using Z coefficients
instead of Z/2 signs do matter now. We modify the defining relation for the
Chern classes to be

" —c(E)z" '+ 4 (=1)"cn(E) =0

with alternating signs. The sign change does not affect the proofs of properties
a)-c). For d), the sign convention turns the defining relation of ¢;(y!) into

r—a(y) =0

with = a. Thus ¢;(y!) is the chosen generator of H*(CP>;Z) (and not minus
the generator). O

Proposition 16.4. Regarding an n-dimensional complex vector bundle £ — B

as a 2n-dimensional real vector bundle, then wei1(F) = 0 and wy;(F) is the
image of ¢;(E) under the homomorphism H*(B;Z) — H*(B;Z/2).

Proof. There is a natural map p: RP(E) — CP(FE) sending a real line to the
complex line containing it. This projection fits into a commutative diagram

RP>-! . RP(E) —¥. Rp>

Lk

CP"! —~ CP(E) —% CP>

where the left vertical map is the restriction of p to a fiber of £ and the maps
RP(g) and CP(g) are the projectivizations of a map ¢g: E — C* which is injective
and C-linear on the fibers of E. All three vertical maps are fiber bundles with fiber
RP!, the real lines in a complex line (using C = R). The Leray-Hirsch theorem
applies to the bundle RP*® — CP*, so if « is the generator of H*(CP>;Z), the
Z/2-reduction & € H?(CP>;Z/2) pulls back to a generator of H?(RP>;Z/2).
This generator is 32, the square of the generator 3 € H!(RP>;Z/2). Hence the
7./ 2-reduction

zc(E) = CP(g)"(a) € H*(CP(E); Z/2)
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of the class z¢(F) = CP(g)*(«) pulls back to the square of the class
vr(E) =RP(g)"(a) € H'(RP(E); Z/2).

Thus the Z/2-reduction of the defining relation for the Chern classes of E, which
1s

Te(E)" + & (BE)Ze(E)" 4 -+ + .(E) =0,
(signs do not matter here since we are over Z/2) pulls back to the relation
ar(E)™" + & (E)ar(E)*" Y + - 4+ ¢,(E) =0,

which is the defining relation for the Stiefel-Whitney classes of E. Hence we must
have

inH(E) =0 and le(E) = EZ(E)
0

16.3. The complex Grassmannian and its cohomology. The complex Grass-
mannian Gry(C"*) is the space of complex k-planes in C"**. We can topologize
this space just as in the real case and we obtain a complex manifold of complex
dimension kn or real dimension 2kn. For k = 1, we get Gr;(C"™!) = CP™.

Moreover, the inclusions C*** c C"*1** ... induce inclusions
Gry(C™) € Gy (CMHFR) ..

The infinite complex Grassmannian manifold is the union

Gri(C) := Gr(C™) = ] Gry(C"™).

This is the set of all k-dimensional complex vector subspaces of C*. The topology
of Grg(C) is the direct limit topology. We have Gr;(C) = CP*.

The complex Grassmannian Gry(C"**) is equipped with a canonical k-dimensional
complex vector bundle 7*(C"*) defined as in the real case. The total space

E = E(y*(C""))
is the set of all pairs
(complex k-plane in C"* vector in that k-plane).

The topology on E is the topology as a subset of Gry,(C"™*) x C"**. The projec-
tion map

7: E — Gri(C"*%), is defined by 7(V,v) =V,
and the vector space structure is defined by

tl(‘/, Ul) + tg(v, ’UQ) = (V, twl -+ tQUQ).
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Over the infinite complex Grassmannian Gry(C), there is also a canonical bun-
dle 7% whose total space is

E(7¢) C Gry(C) x C
the set of all pairs
(complex k-plane in C*, vector in that k-plane)
topologized as a subset of the product Gri(C) x C*. The projection
7: BE(y&) = Gri(C)
is given by w(V,v) = V.

The crucial result is again the following theorem.

Theorem 16.5. For a paracompact space B, the map [B, Grj,(C)] — Vectl(B),
[f] = f*(4%), is a bijection from the set of homotopy classes of maps B — Gry(C)
and the set of isomorphism classes of k-dimensional complex vector bundles.

The proof is the same as for real bundles. The theorem justifies to call the
infinite complex Grassmannian Gry,(C) the classifying space and & the universal
bundle for k-dimensional complex vector bundles.

The complex Grassmannian Gry(C) is a CW-complex with one cell of dimension
2n corresponding to each partition of n into at most k integers.

Theorem 16.6. The cohomology ring H*(Gry(C); Z) is a polynomial algebra over
Z freely generated by the Chern classes ¢1(YE), ..., cx(7E).

Proof. Just work out the proof for the real Grassmannian in the complex case. [
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17. COMPLEX K-THEORY

From now on all vector bundles will complex vector bundles. For most of our
arguments we will assume that the spaces are compact Hausdorff even though
some statements may be true for more general spaces. In the following lectures
we will mostly follow Atiyah’s lecture notes on K-theory.

17.1. Some basic definitions. Let X be a space and let Vect(X) be the set
of isomorphism classes of finite dimensional complex vector bundles. The set
Vect(X) has the structure of an abelian semigroup under the composition of tak-
ing direct sums. We know that to any abelian semigroup A there is an associated
abelian group K (A) with the following universal property:

There is a semigroup homomorphism a: A — K(A) such that if G is any group
and 7: A — G any semigroup homomorphism, there is a unique homomorphism
of groups k: K(A) — G such that v = k. This determines K(A) up to unique
isomorphism.

There are different ways to construct K(A). One way is to define K(A) to be
the set of pairs (a,b) in A x A modulo the following equivalence relation:
(7) (a,b) ~ (a',b') if there is a c € A such that a + 0 +c=d +b+c.

In other words,
K(A)=Ax A/A(A),
where A: A — A x A denotes the diagonal.

Denoting the equivalence class of (a,b) by [a,b] we can define the addition on
K(A) by
[a,b] + [a' V] = [a+d' b+ V]
The homomorphism a4: A — K(A) is defined by
a +— [a,0],

where 0 denotes the zero element of A (which we assume to exist). The nice
feature of this description of K(A) is that the interchange of factors in A x A
induces an inverse in K (A) which makes K(A) into a group.

The pair (K(A),a,) is a functor of A so that if f: A — B is a semigroup
homomorphism we have a commutative diagram

A—42 K(A)



66 GEREON QUICK

Moreover, if B is a group then apg is an isomorphism. This shows that K (A) has
the required universal property. Furthermore, if A is also a semiring, i.e., A is a
semigroup with a multiplication that is distributive over the addition of A, then
K(A) is a ring with multiplication

[a,b] - [a' 0] = ad’ + bb', al’ + bad'].

Now if X is a space, we write K(X) for the ring K(Vect(X)), where the
multiplication is given by forming tensor products of vector bundles. For E €
Vect(X) we will write [E] for its image in K(X), or also just F if there is no
danger of confusion.

Before we proceed we need the following lemma.

Lemma 17.1. Let B be a compact Hausdorff space and w: EE— B be a complex
vector bundle. Then there exists a complex vector bundle E' such that E ® E' is
a trivial bundle.

Proof. From the case of real vector bundles, we know how to construct a map
g: E — C* which is linear and injective on each fiber of m when B is paracom-
pact. Since we assume here that B is compact, the construction of g shows that
there is a some finite dimension N such that g factors through £ — C¥.

This gives us amap f: £ — BxCY. The image of f is a sub-bundle of B x C".
Hence E — B is isomorphic to a sub-bundle of the trivial bundle B x CV. The
canonical Hermitian metric on this trivial bundle then yields a complementary
sub-bundle E’ such that @ E’ is a trivial bundle. O

Our explicit description of K (X)) shows that every element of K(X) is of the
form [E] —[F], where E and F are bundles over X. By the lemma, we can choose
a bundle G such that F'@® G = €" is a trivial bundle for some n. Then we have

[E] = [F] = [E] + [G] = ([F] + [G]) = [E® G] = [¢"].
Thus, every element of K (X) is of the form [H| — [¢"].

Suppose now that E, F are such that [E] = [F] in K(X). Our explicit descrip-
tion (7) of K(X) then shows that there is a bundle G such that E®& G = F & G.
Let G’ be a bundle such that G & G' = €". Then

EoGoG 2FoGaG ,s0o EQ" 2 FDem.

We say that two bundles are stably equivalent, if they become isomorphic after
adding suitable trivial bundles to them. The above argument then shows:
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Lemma 17.2. We have [E] = [F| in K(X) if and only if E and F are stably
equivalent.

Now suppose that f: X — Y is a continuous map. Then
f*: Vect(Y) — Vect(X)
induces a ring homomorphism
ffrKY)— K(X).

By one of the problems on Problem Set 2, this homomorphism depends only on
the homotopy class of f.

17.2. The periodicity theorem. The fundamental theorem for K-theory is the
periodicity theorem. It says, in particular, that for any X, there is an isomorphism

between K(X) ® K(S?) and K(X x S?). We will prove actually prove a more
general statement which we will now explain.

Let E be a vector bundle over a space X, and let P(F) be the projective bundle
(of complex lines) over X associated to E. If p: P(E) — X is the projection map,
p~!(z) is a complex projective space for all z € X.

Remark 17.3. Projective spaces and bundles have the following nice property:

If V' is a (complex) vector space, and W is a vector space of dimension one,
then V and V@ W are isomorphic, but not naturally isomorphic. However, taking
projective spaces makes things easier.

For any non-zero element w € W the map
Vi V0w
defines an isomorphism between V and V ® W, and thus defines an isomorphism
P(w): P(V) = P(V @ W).

However, if w' is any other non-zero element of W, w’ = Aw for some non-zero
complex number A € C*. Thus

P(w) = P(w'),
so the isomorphism between P(V') and P(V ® W) is natural.

Thus, if F is any vector bundle, and L is a line bundle, there is a natural
isomorphism

P(E)~P(E® L),

which concludes our remark.
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If F is any vector bundle over X then each point a € P(E), = P(E,) represents
a one-dimensional subspace H} C E,. The union of all these defines a subspace

H* Cp*E,
which consists of pairs of one-dimensional subspace in a fiber and a point on that
line.

Lemma 17.4. The space H* is a sub-bundle of p*E over P(E).

Proof. The problem is local, so we may assume that E is a trivial. Then the
lemma reduces to the fact that the canonical line bundle over CP" is a sub-bundle
of the pullback of a trivial bundle. O

Remark 17.5. Note that we have met the real version of this line bundle before
when we proved the splitting principle.

Definition 17.6. Now we define H to be the dual line bundle of H over P(E),
i.e., for € := ey the trivial line bundle over P(E),

H := Hom(H"e)

Remark 17.7. The choice of using H instead of H* has historical reasons and is
related to the use of canonical line- and quotient bundles in algebraic geometry.
We will come back to this point later.

Example 17.8. Let X be compact space and let € @ € be the sum of two trivial
line bundles over X. Then

Ple@e) = X x 52,
since the bundle € @ € has total space X x C?, and hence
Ple@e)= X x CP' 2 X x S2.

Moreover, H* is just the pullback of the canonical complex line bundle 7% over
CP! to X x CP! = X x S?. Hence H is the dual line bundle

H = Hom(7¢, €).

We can now state the periodicity theorem.

Theorem 17.9. Let X be a compact space, let L be a line bundle over X, and
let H= H(L ®e¢). Then, as a K(X)-algebra, K(P(L @ €)) is generated by [H],
and is subject to the single relation

([H] = [eD(L]H] = [e]) = 0.

The proof will be the topic of following lectures. Today we just point out
two consequences of the theorem. The first one follows from the theorem and
Example 17.8 for X = % a point (and L = € the trivial line bundle).
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Corollary 17.10. As a K (x)-module K (S?) is generated by [H] and [H] is subject
to the single relation

([(H] = [e)* =0.

The second one requires a little bit of analysis of the ring structures given by
Theorem 17.9 and Corollary 17.10.

Corollary 17.11. Let X be a compact space and
p: K(X)® K(S?) — K(X x S?)
be defined by
pla ®b) = (mra)(myb),
where m and wy are the projections onto the two factors. Then p is an isomor-
phism of rings.

Proof. We know from Example 17.8
Plex Dex) = X x §? and P(e, @ e,) = 52

Under the canonical map m2: X x S? — x x 52, the class [H,] € K(S?) is pulled
back to the class [Hx] € K(X x 5?%). Using Theorem 17.9, we see that ;1 becomes
the homomorphism

K(X) @x( K(+)[[H]/(((H] = 1)?) — K(X)[[Hx]]/(([Hx] - 1)?)
which by the above is just
K(X) @xo K(6)[[H)/(((H] = 1)?) = K(X)[my ([H.])]/ (73 ([H)] = 1)?)

which is an isomorphism of rings. Il
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18. COMPLEX K-THEORY AS A REPRESENTABLE FUNCTOR

We postpone the proof of the periodicity theorem for a while and first workout
more properties of the K-theory functor.

18.1. Reduced K-theory. Let X be a compact Hausdorff space. Recall that a
vector bundle over X may have different dimensions on the connected components
of X. If X is a based space, i.e., has a chosen base point * € X, then we can
define a function

d: Vect(X) = Z

that sends a vector bundle to the dimension of its restriction to the component
of the basepoint *. The function d is a homomorphism of semirings and hence
induces a dimension function

d: K(X) > Z,

which is a homomorphism of rings. Since d is an isomorphism when X is a point,
d can be identified with the induced map

K(X) — K(x).
This leads to the following definition.

Definition 18.1. The reduced K-theory K(X) of a based space is the kernel of
d: K(X) — Z.

Remark 18.2. K(X) is an ideal of K(X) and thus a ring without identity. It
clearly holds

K(X)=2 K(X)xZ.
If X does not have a base point yet, let
X, =X I«

be X together with a disjoint base point. Then we have

K(X)~ K(X,).

We denote the stable equivalence class of a bundle £ by {£{} and the set of
stable equivalence classes of finite dimensional complex vector bundles over X
by EU(X). The set EU(X) forms an abelian group under direct sums, since we
know that for each bundle £ there is bundle £’ such that £ & &’ is trivial.

Proposition 18.3. There is a natural isomorphism of groups EU(X) = K(X).
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Proof. Denote the class of the trivial n-dimensional bundle € over X by n. Then
we know that every element in K(X) can be written in the form [£] — ¢ for some
vector bundle £ and some non-negative integer ¢q. Then we can define the required
homomorphism by

{&} = €] = d(&).
It is clear that this map is surjective and it is injective, since we know from the
previous lecture that [£] = [n] if and only if {{} = {n}. O

18.2. Complex K-theory as a representable functor. Let Gr,(C) be the
infinite dimensional complex Grassmannian manifold of complex n-planes. It is
also common to write
BU(n) := Gr,(C).

We know from Lecture 16 that there is a natural bijection

Vectd(X) = [X, BU(n)]
where [—,—] denotes homotopy classes of maps. As we have just seen base points
can play a role for studying K-theory (as for any other cohomology theory). Let
[—,—]« denote the set of homotopy classes of basepoint preserving maps. Then
we have

Vect¢(X) = [X 4, BU(n)..
The map V — C & V defines an inclusion
in: BU(n) = BU(n+ 1),
and we denote the colimit by
BU := colim BU(n)
with the direct limit (or union) topology.

Recall that a space is nondegenerately based, or well-pointed, if the inclusion of
its basepoint is a cofibration.!

Theorem 18.4. We endow Z with the discrete topology. For any compact space
X, there is a natural isomorphism

K(X)= [X+,BU X Z]*.
'A map i: A — X is a cofibration if for any commutative diagram of the form
Aoyt
1l lpo
X— =Y

there exists an h: X — Y7 that makes the diagram commute.
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For a nondegenerately based compact space X, there is a natural isomorphism

K(X) = [X,BU x Z),.

Proof. When X is connected and £ is an n-dimensional bundle over X with as-
sociated classifying map

fe: X = BU(n) C BU,
the first isomorphism sends

[€] — ¢ to the pair (fe,n — q).

(Note that since Z is discrete, the map X — Z must be constant.) Then we
obtain also an isomorphism for non-connected spaces since both functors K(—)
and [—,BU x Z], send disjoint unions to cartesian products.

For the second isomorphism follows from the first. For let S° — X be the
cofibration induced by the basepoint and the disjoint basepoint. Then we can
identify d: K(X) — Z with the induced map

(X, BU x Z]. — [S°, BU x 7).

Hence we need to show that the kernel of this map is [ X, BU xZ],. The cofibration
SY — X, with X, /S° = X induces an exact sequence

[S'AS°, BU x Z], — [X, BU x Z], — [X,, BU x Z], — [S°, BU x Z],.

The left hand set is equal to [S', BU x Z],. Since we are looking at basepoint
preserving maps, this is just [S',BU|, = m(BU). Hence we need to show that
m(BU) is trivial or in other words that BU is simply connected. But 7 (BU) is
isomorphic to the set of isomorphism classes of complex vector bundles over S*.
We will show on the next problem set that this set is trivial. O

For more general, non-compact, spaces it is best to define K-theory to be the
functor represented by the space BU x Z.

Definition 18.5. For a space X of the homotopy type of a CW-complex, we
define

K(X) :=[X,,BU x Z]..
For a nondegenerately based space X of the homotopy type of a CW-complex,
we define

K(X) = [X,BU x Z),.

When X is compact, we know that K (X) is a ring. The following result shows
that is also true for more general spaces.
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Proposition 18.6. The space BU X Z is a ring space up to homotopy. This
means that there are additive and multiplicative structures on BU X Z such that
the associativity, commutativity, and distributivity diagrams required of a ring
commute up to homotopy.

Idea of the proof. For the additive structure, note that taking direct sums induces
maps for each m and n

Grp(C) X Gr,(C*) — Grpppn (C* @ C=.
After choosing an isomorphism C* @ C* = C*> we get a map
BU(m) x BU(n) — BU(m + n).
Taking colimits over m and n then yields a map
¢: BU x BU — BU.

This map is associative and commutative up to homotopy. The zero-dimensional
plane provides a basepoint which is a zero element up to homotopy. Using the
ordinary addition on Z, we obtain the additive H-space structure on BU X Z.
For multiplication, taking the tensor product of the canonical bundles induces a
homotopy class of classifying maps

BU(m) x BU(n) — BU(mn).

With a lot more effort than for direct sums, one can show that these maps pass
to colimits and define a multiplicative H-space structure on BU x Z. Il
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19. COMPLEX K-THEORY AS A COHOMOLOGY THEORY

19.1. K-theory as a cohomology theory. Let C be the category of compact
Hausdorff spaces, C* be the category of compact Hausdorff spaces with a distin-
guished basepoint, and C? the category of pairs. We have defined K-theory as
functors K on C and K on C*. We extend it a functor on C? by defining

K(X)Y):=K(X/Y)
for any pair of compact spaces (X,Y).

Definition 19.1. For n > 0, we define functors by

K™X) = K(8"X)=K(S"AX) for X € C*
K™X)Y) = K™X/Y)=K(S"X/Y)) for (X,)Y) € C?
K™X) = K™X0)=K(S"X,) forXeC

which are contravariant on the appropriate categories.

Lemma 19.2. For (X,Y) € C* we have an exact sequence
K(XY) 5 K(X) S KY)
where i:Y — X and j: (X,0 — (X.Y) are the inclusions.

Proof. We could apply the representability of K-theory of the previous lecture.
But there is a very nice direct way to prove the lemma:
The composition ¢*j* is induced by the composition

joi: (Y,0) —» (X)Y)

and so factors through the zero group K (Y,Y). Thus i*j* = 0. Suppose now that
a € Ker (7*). We may represent « in the form [{] — n where £ is a vector bundle
over X. Since i*(a) = 0 it follows that

€]Y]=nin K(Y).
This implies that for some integer m we have
(@MY =" @€,

i.e., we have a trivialization h of (£ @ €™)|Y. This defines a bundle (£ ®€™)/h on
X/Y in the following way. The total space is the quotient of the total space of
& @ €™ modulo the relation

R (y,v) ~ h 1y w) for y,y €,

and the projection is just the induced quotient map. We omit the details to show
that this projection map staisfies local triviality. So we can define an element

o =@/ — "D € K(X)Y) = K(X,Y).
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Then
Jla) = [ e —[e" e
= [E]—-n=¢.
Thus « is in the image of j* and we have Ker (¢*) = Im(j*), which proves the
exactness. O

Corollary 19.3. For (X,Y) € C? andY € C" (hence X € CT by taking the same
basepoint yo € X ) the sequence

KXY)5S KR(X) S K@)

15 exact.

Proof. This follows from the previous lemma and the natural isomorphisms

K(X) = K(X) & K(yo)
and
K(Y)2K(Y)& K(y).
O

Proposition 19.4. For (X)Y) € C? there is a natural exact sequence which
extends infinitely to the left

S KPS KXY D KX S K S KOXY) D KOX) D KOY).

Proof. it suffices to show the exactness only for the sequence with terms of degree
—1 and 0. Once we have done that we cann apply suspensions and extend the
sequence to the left.
Let C' and S denote cone and suspension respectively. Then we the following
sequence of maps
Y & X < XUlY — (XUCY)UCX <= (XuclY)uCX)uCc(Xucy)
i \ )
X/Y SY SX
The vertical maps are the quotient maps obtained by collapsing the most recently
attached cone to a point. Now we successicely apply Corollary 19.3 to the pairs
(XUCY, X), (CuCY)U(CX),XUCY), and (XUCY)UCX), ((XUCY)U
CX)UC(X UCY)). We start with the pair (X UCY, X). By Corollary 19.3 we
get an exact sequence

K(Xucy,X) ™ K(xucy) S £(x).
Since C'Y is contractible, this implies by Lemma 19.6 below that
P K(X)Y) = K(XUCY)
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is an isomorphism. The composition k*p* coincides with j7*. Let
0: K(XUQY,X) = K '(Y)=K(S'AY,)
be the isomorphism induced by the homeomorphisms
(XUCY)/ X =CY]Y =~ S'AY,.
Then defining
§: KHY) = K(X,)Y) by § =m*0!
we obtain a diagram

j*

K(

b

K(XUCY,X) X+ K(XUuCY) 2 s K(X)

<

)

where the vertical maps are isomorphisms/identities. Hence we obtain the exact
sequence

ENY) S K(XY) LS K(X).
Applying the same sort of arguments to the remaining pairs yields the remaining

exactness (though it is a bit more complicated than the previous case). 0J

Example 19.5. In particular, we see that if X is the wedge sum A V B, then
X/A = B and the sequence breaks up into split short exact sequences. This
implies

K(X)= K(A) @ K(B).
Lemma 19.6. Let Y C X be closed contractible subspace. Then the quotient
map q: X — X/Y induces a bijection

q*: Vecte(X/Y) — Vecte(X).

Proof. Let p: E'— X be a bundle over X. Since Y is contractible, F|Y is trivial.
Thus there is a trivialization h

h: E[Y Y x C".

Moreover, two such trivializations differ by an automorphism of Y x C”, i.e., by
a map ¥ — GL,(C). But GL,(C) is connected and V is contractible. Thus
h is unique up to homotopy and so the isomorphism class of E/h is uiquely
determined by that of E. Thus we have constructed a map

Vecte(X) — Vecte(X/Y)

and this is a two-sided inverse for ¢*. O
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This shows that the complex K-theory functor behaves very much like the sin-
gular cohomology functor. In fact, complex K-theory defines a complex oriented
cohomology theory.

19.2. Bott periodicity for K. We want a version of the periodicity theorem
for the reduced groups too. We start with the following observation.

Lemma 19.7. For nondegenerately based spaces X and Y, the projections of
X XY on X and Y and the quotient map X XY — X AY induce a natural
1somorphism

KXAY)oK(X)aK(Y)= KX xY).
The group K(X AY) is the kernel of the map
K(XxY)= KX)®K(®Y)
induced by the inclusions of X and Y into X x Y.

Proof. The inclusions and projections make X and Y into retracts of X xY. This
implies that the map

K(XxY)—= KX)® K(®Y)
induced by the inclusions is a split surjection with splitting
K(X)® K(Y) = K(X xY), (a,b) = pi(a) + p3(b)

where p; and ps are the projections. The inclusion X VY — X xY is a cofibration
by our assumption on X and Y. The quotient of this map is X A'Y. This
cofibration induces an exact sequence

K(XANY)=5 K(XxY)—=> K(XVY).

Since we have

KXVY)2KX)e K(Y)
this proves the lemma. O
Lemma 19.8. The Kunneth map
p: KX)o K(Y) = K(X xY)
defined by
p(a ®b) = (pia)(p3b),

where p1 and py are the projections onto the two factors, induces a reduced map

fi: K(X)® K(Y) = K(X AY).
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Proof. For: Let o € X and yy € Y be the basepoints, and let a € f((X) =
Ker(K(X) — K(z0)) and b € K(Y) = Ker(K(Y) — K(yo)). Then pia restricts
to zero in K (Y') and p3b restricts to zero in K (X). Hence the product (pja)(pib) €
K(X xY) restricts to zero in both K(X) and K(Y') and hence in K(X VY). In
particular, (pia)(pib) lies in K (X xY). Now Lemma 19.7 implies that (pia)(pib)
pulls back to a unique element in K (X AY). This defines the reduced Kiinneth
map fi. 0

We have a reduced splitting
KX)o KY)2 KX)o KY)®o K(X)® K(Y)®7Z,
which is compatible with the splitting of Lemma 19.7 and shows that the reduced

Kiinneth map is a ring homomorphism.

The unreduced version of the periodicity theorem of the previous lecture now
implies the following reduced version.

Theorem 19.9. For nondegenerately based compact spaces X, the map
fi: K(X)® K(5?) = K(X AS?)

18 an isomorphism.

Let H* be the canonical line bundle over CP* = S? and H be its dual. We

know from the previous lecture
K(S?%) = z[H]/(([H] - 1)*),
and hence ~
K(S5?) is the ideal Z([H] — 1).
Then Theorem 19.9 implies the following version of Bott periodicity.
Theorem 19.10 (Bott periodicity). For nondegenerately based compact spaces
X, the map 3 .
B: K(X)— K(XAS?),aw fi(a,[H] —1)

18 an isomorphism.

Corollary 19.11. We have K(S***') = 0 and K(S*") = 7Z, generated by the
n-fold recuced product ([H] — 1)™.
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20. K-THEORY OF COMPLEX PROJECTIVE SPACES

This was a guest lecture by Mike Hopkins. Unfortunately, there are no notes
available.

21. SPLITTING PRINCIPLE AND THE PROJECTIVE BUNDLE FORMULA IN
K-THEORY

This was a guest lecture by Mike Hopkins. Unfortunately, there are no notes
available.

22. THOM CLASSES AND THE THOM ISOMORPHISM IN K-THEORY

This was a guest lecture by Mike Hopkins. Unfortunately, there are no notes
available.
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23. PROOF OF THE PERIODICITY THEOREM I

We still need to prove the periodicity theorem for complex K-theory. We will
prove it in the following special form. The proof of the more general form of
Lecture 17 is very similar. Let X be a compact Hausdorff space and H the
canonical line bundle over S? = CP!. We calculated ine one of the homework
problems that we have the relation

(HoH)®1~H®H,

or in other words, in K(S?) we have (H' — 1) = 0. This shows that there is a
natural homomorphism of rings

Z[H]/(H —1)* — K(S?).
Theorem 23.1. The natural homomorphism
p: K(X)®Z[H]/(H-1)* = K(X)® K(5*) » K(X x S?)

1s an isomorphism of rings.

The proof of the theorem will occupy the rest of today’s lecture and the next
one. It is based on a careful analysis of the construction of complex vector bundles
on X x S? via clutching functions. In our exposition we follow Hatcher’s notes.
We encourage everyone to read Atiyah’s original lecture notes as well.

23.1. Clutching functions. We saw on Problem Set 4 that isomorphism classes
of complex vector bundles over S? correspond to homotopy classes of maps

St — GL,(C).

Such functions are called clutching functions. In the proof of Theorem 32.1 we
make use of this idea to construct vector bundles over X x S2.

Let p: E — X be a vector bundle and let f: F x S' — E x S! be an auto-
morphism of the product vector bundle

pxid: Ex S' — X x St
This means that for each € X and z € S*, f specifies an isomorphism
flaz): p(z) = p~(2).

From E and f we construct a vector bundle over X x S? by taking two copies
of E x D? and identifying the subspaces E x S! via f. We write this bundle as
[E,f], and call f a clutching function for [E,f]. If

fir ExS'— ExS!
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is a homotopy of clutching functions, then we get an induced isomorphism

[E7f0} = [E7f1]

since from the homotopy f; we can construct a vector bundle over X x S% x I
restricting to [E, fo] and [E,f1] over X x S% x {0} and X x S? x {1}. It is also
clear from the definitions that

[E1fi] © [Ba, fo] 2 [EL © Ea, f1 @ fal.

Let us have a look at some examples:

Example 23.2. For the identity map on S!, [F,id] is just the pullback of E via
the projection X x S? — X. As an element in K (X x §?%), [F,id] is equal to
w(E®1).

Example 23.3. Recall the clutching function for the canonical line bundle H
over CP!: We can write the elements [Zy,21] of CP! as ratios

z=z/zn € CU{oc0} =52

Then we can write points in the disk D3 inside the unit circle S C C uniquely
in the form

[20/21,1] = [2,1] with |2] <1,
and points in the disk D2 outside S’ can be written uniquely in the form
[1,21/20) = [1,271] with |27} < 1.
Over D3 the map
[2,1] = (2,1)
defines a section of the canonical line bundle, and over D2 a section is
(1,271 — (1,271).

These sections determine trivializations of the canonical line bundle over these
two disks, and over their common boundary S! we pass from the trivialization of
D2 to the trivialization of D2 by multiplying with z. Thus by taking D? as Di
and D2 as D? we see that the canonical line bundle has the clutching function

f: 8" = GLu(C), f(2) = (2).
Example 23.4. a) Taking X to be a point in the previous example, we get
[1,2] = H,

where 1 is the trivial line bundle over the point and z means scalar multiplication
by z € St c C.
b) More generally, for n > 0 we have

l"|*H®---@ H=H".
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Writing H~! for the inverse of H with respect to the tensor product in K(X),
ie., H® H ' =1, we can extend this formula to negative n too. For n < 0, we

have
[1,:"|*H'®---@H'=H"

Example 23.5. a) Now if F is a vector bundle over a compact space X, we
deduce from the previous examples

[E,2"] = u(E ® H") for n € Z,

where H™ denotes the pullback of H™ via the projection X x S% — S2.
b) More generally, if f is a clutching function we get

[E,2"f] = [E.f]® H" for n € Z.

A key observation is that every bundle over X x S? comes from a clutching
function. More precisely:

Lemma 23.6. Let ' — X x S? be a vector bundle of dimension n. Then there
is an n-dimensional bundle E — X and a clutching function f: S' — GL,(C)
such that

F = [E,f] over X x S2.

Proof. As in Example 23.3, we consider the unit circle S' € CU {oco} = 5% and
decompose S? into the two disks Dy and D... Let F,, denote the restriction of F
to X x D, for a = 0,00. Now we define E to be the restriction of F' to X x {1}.
Since D,, is a disk, the projection

X x D, = X x {1}

is homotopic to the identity map of X x D,, so the bundle F, is isomorphic to
the pullback of E by the projection map, and this pullback is £ x D,,. This shows
we have an isomorphism
he: Fy — E X D,.
Then we get
f = hoh' as a clutching function for F.

OJ

Remark 23.7. We may assume that a clutching function f is normalized to be
the identity over X x {1}, since we may normalize any isomorphism of the form
he: Eo, — E x D, by composing it over each X x {z} with the inverse of its
restriction over X x {1}.

Moreover, any two choices of normalized h, are homotopic through normalized
ha’s, since they differ by a map ¢, from D, to the automorphisms of £ with
ga(1) = id, and such a g, is homotopic to the constant map id by composing it
with a deformation retraction of D, to *.
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Thus any two choices fy and f; of normalized clutching functions are joined by a
homotopy of normalized clutching functions f;.

We now know that clutching functions are a tool to understand all vector
bundles over X x S?. The proof of Theorem 32.1 will require that we understand
all possible clutching functions that are needed to construct all vector bundles
over X x S2. The strategy will be to successively simplify the clutching functions.

23.2. Laurent polynomial clutching functions. The first step is to reduce
to Laurent polynomial clutching functions, which have the form

lx,z) = Z a;(z)z"
li|<n

where a;: E — E is a map which restricts to a linear transformation a;(x) in
each fiber p~!(z). Such an a; will be called an endomorphism of E.

Note: The linear transformation a;(x) is not required to be invertible, hence
the terminology. Nevertheless, the linear combination 3_ ., a;(x)2" must be
invertible, since clutching functions are automorphisms.

Hence the first step is to prove the following simplification.

Proposition 23.8. Every vector bundle [E,f]| is isomorphic to [E /(] for some
Laurent polynomial clutching function €. Laurent polynomial clutching functions
by and {1 which are homotopic through clutching functions are homotopic by a
Laurent polynomial clutching function homotopy

le(x,2) Z a;(z,t)z".

li]<n

The proof is based on the fact that on a compact space X, we can approximate
continuous functions f: X x S* — C by Laurent polynomial functions of the form

Z an(x)z" = Z an(x)eme,

In|<N In|<N

where z = ¢ € S and each a,, is a continuous function X — C. Motivated by
Fourier series, we set
1 2 ) ]
an(r) = — f(z,e®)e ™dp.
2m Jo
For positive real r, consider the series

u(z,r,0) = Z ap (z)r™e?

ne’l
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For fixed r < 1, this series converges absolutely and uniformly as (z,0) ranges
over X x [0,2r]. This follows from the fact that the geometric series

2"
n
converges, and, since X x S! is compact,

| f(z,e")] is bounded and hence also |a,(z)|.

Now we need to show that u(z,r,0) approaches f(z,e) uniformly in z and 6
as r goes to 1. For then sums of finitely many terms in the series for wu(r,z,0)
with 7 near 1 will give the desired approximations to f by Laurent polynomial
functions. Hence we need the following lemma.

Lemma 23.9. Asr — 1, u(r,z,0) — f(x,e?) uniformly in x and 6.

Proof. For r < 1 we have

U(flf,?”,&) = Zzzo:—oo % 027T r‘nle%n(e_t)f(l’,@l:t)dt
- 0 T % Z;.LO:—OO r‘n|€zn(‘9*t)f(x’elt)dt

where the order of summation and integration can be interchanged since the series
in the latter formula converges uniformly, by comparison with the geometric series
>, r". Define the Poisson kernel
1 o
P(rp) = — e for 0 < r <1 and p € R.
(re)=5- D, <r< o

n=—oo

Then we have )
u(r,z,0) = / P(r,0 —t)f(x,e")dt.
0

By summing the two geometric series for positive and negative n in the formula
for P(r, ), one computes that

1 1 1 1 1—r?

Plr.g) = %[1 1 —petv + 1— Te—i‘%’]

where one uses the formula

:%1—27“00590—%7“27

e 4 e = 2 cos .
We will need three facts about P(r,):
(a) As a function of p, P(r,p) is even, of period 27, and monotone decreasing

on [0,7], since the same is true for cos ¢ which appears in the denominator
of P(r,p) with a minus sign. In particular, we have

P(rp) > P(ryr) > 0 for all r < 1.
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fo (r,p)dp =1 for each r < 1. This follows from integrating the series
for

i[1 +2 Z cos(nyp)]

P(rp) = o

term by term (the integral over all terms in the sum yield 0 and the
integral over 1 yields 27).

(c) For fixed ¢ € (0,7), P(r,p) — 0, since the numerator of P(r,p) approaches
0 and the denominator approaches 2 — 2 cos ¢ # 0.

Now to show uniform convergence of u(r,z,0) to f(z,e) we first observe that,
using (b), we have

u(z,r0) — f(z,e)] = | f (r,0 = ) f(z.e)dt — [T P(r,0 — 1) f (x,c)d|
< fyT P60 = )| f(x.e) — fla.e?)|dt.
Given € > 0, there exists a 0 > 0 such that

|f(2,e") — f(z,e")| < ¢ for |t — 0] < and all z,
since f is uniformly continuous on the compact space X x S'. Let I; denote the
integral

27
/ P(r,0 —t)| f(x,e™) — f(x,e)|dt over the interval |t — ] <6,
0

and let I§ denote this integral over the complement of the interval |t — 6| < § in
an interval of length 2. Then we have

2T
I < / P(r,0 — t)edt < e/ P(ro — t)dt
(-] <6 0

By (a) the maximum value of P(r,0 —t) on |t — 0| > 6 is P(r,d). Hence

27'1' . .
I} < P(rd) / ) — Fo.e®)dt.

The integral here as a uniform bound for all x and 6 since f is bounded. Thus
by (c) we can make

I < € by taking r close enough to 1.

Therefore
|u(x,r,0) — f(x,0)] < Is+ I5 < 2e.

Now we are ready for the proof of the proposition.
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Proof of Proposition 25.5. Choosing a Hermitian inner product on E, the endo-
morphisms of £ x S! form a vector space End(E x S') with a norm
Joll = sup Je o)l
Note that the triangle inequality holds for the sup-norm, so balls in End(E x S1)
are convex. The subspace Aut(E x S!) of automorphisms is open in the topology
defined by this norm since it is the preimage of (0,00) under the continuous map
End(E x S') — [0,00), a+ inf  |det(a(z,2))].
(z,z)eX x ST

Hence in order to prove the first statement of the proposition it will suffice to
show that the Laurent polynomials are dense in End(E x S1), since a sufficiently
close Laurent polynomial approximation ¢ to f will then be homotopic to f via
the linear homotopy

tl + (1 —t)f through clutching functions

which is in Aut(E'x S!) for all 0 < ¢ < 1. Hence f is homotopic to £ in Aut(FE x St)
and

[E.f] = [E].

The second statement follows similarly by approximating a homotopy from
Uy to {q, viewed as an automorphism of £ x S' x I by a Laurent polynomial
homotopy ¢;. Then we can combine these approximations with linear homotopies
from ¢y to ¢, and ¢, to ¢ to obtain a homotopy ¢; from ¢ to ¢;.

Hence we need to show that every f € End(E x S') can be approximated by
Laurent polynomial endomorphisms. Therefor we choose open sets U; covering
X together with isomorphisms

hil p_l(UZ) — U; X C"™.

We may assume that h; takes the chosen inner product in p~(U;) to the stan-
dard inner product in C™, by applying the Gram-Schmidt process to h; ' of the
standard basis vectors.

Let {¢;} be a partition of unity subordinate to {U;} an let {X;} be the support
of ¢;. Since X is compact, we cann choose {¢;} such that each X; is a compact
subset in U;. Via h;, the linear maps f(x,z) for x € X; can be viewed as matrices.
The entries of these matrices define functions

XiXSl%(C.

Applying Lemma 23.9 to each entry of the matrices, we can find Laurent poly-
nomial matrices ¢;(z,z) whose entries uniformly approximate those of f(x,z) for
x € X;. It follows that ¢; approximates f in the || - [[-norm, since the entries are
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uniformly approximated. From the Laurent polynomial approximations ¢; over
X; we form the convex linear combination

0= oils,

which is a Laurent polynomial approximating f over all of X x S*. O
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24. PROOF OF THE PERIODICITY THEOREM II

We continue the sketch of the proof of the periodicity theorem for complex
K-theory.

Theorem 24.1. The natural homomorphism
p: K(X)®Z[H|/(H-1)* = K(X)® K(5%) — K(X x S?)

s an isomorphism of rings.

The proof on a careful analysis of the construction of complex vector bundles
on X x S? via clutching functions. We conclude the proof today with an outline
of the ideas.

24.1. Laurent polynomial clutching functions. The first step is to reduce
to Laurent polynomial clutching functions, which have the form

lz,z) = Z a;(z)z"

jil<n

where a;: E — E is a map which restricts to a linear transformation a;(z) in
each fiber p~!(z). Such an a; will be called an endomorphism of E.

Note: The linear transformation a;(x) is not required to be invertible, hence
the terminology. Nevertheless, the linear combination }, ., a;(2)z" must be
invertible, since clutching functions are automorphisms.

Hence the first step is to prove the following simplification.

Proposition 24.2. Every vector bundle [E,f]| is isomorphic to [E /(] for some
Laurent polynomial clutching function €. Laurent polynomial clutching functions
ly and {1 which are homotopic through clutching functions are homotopic by a
Laurent polynomaial clutching function homotopy

l(x,2) Z ai(x,t)z".

jil<n

The proof is based on the fact that on a compact space X, we can approximate
continuous functions f: X xS — C by Laurent polynomial functions of the form

Z an(x)z" = Z an(x)e™,

In|<N In|<N
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where z = ¢ € S and each a,, is a continuous function X — C. Motivated by
Fourier series, we set
1 2

an(zr) = — f(x,e®Ye ™ dp.

27 Jo
For positive real r, consider the series
u(z,r,f) = E ap(z)r"e?
nez

For fixed r < 1, this series converges absolutely and uniformly as (z,0) ranges
over X x [0,2r]. This follows from the fact that the geometric series

S

n

converges, and, since X x S! is compact,

| f(z,e")] is bounded and hence also |a,(z)|.

Now we need to show that u(x,r,0) approaches f(x,e?) uniformly in 2 and 6
as 7 goes to 1. For then sums of finitely many terms in the series for u(r,z,0)
with r near 1 will give the desired approximations to f by Laurent polynomial
functions. The proof of the following lemma can be found in the notes of the
previous lecture (and of course in Hatcher’s lecture notes).

Lemma 24.3. Asr — 1, u(r,z,0) — f(x,e?) uniformly in x and 6.
Now we are ready for the proof of the proposition.

Proof of Proposition 25.5. Choosing a Hermitian inner product on E, the endo-
morphisms of E x S! form a vector space End(E x S') with a norm
el = sup LICHE
Note that the triangle inequality holds for the sup-norm, so balls in End(E x S')
are convex. The subspace Aut(FE x S!) of automorphisms is open in the topology
defined by this norm since it is the preimage of (0,00) under the continuous map
End(E x S') — [0,00), a > inf  |det(a(z,2))].
(z,2)eX xS1

Hence in order to prove the first statement of the proposition it will suffice to
show that the Laurent polynomials are dense in End(E x S!), since a sufficiently
close Laurent polynomial approximation ¢ to f will then be homotopic to f via
the linear homotopy

tl 4+ (1 —t) f through clutching functions



90 GEREON QUICK

which is in Aut(E'x S!) for all 0 < ¢ < 1. Hence f is homotopic to £ in Aut(E x St)
and
[E.f] = [E.4.

The second statement follows similarly by approximating a homotopy from
Uy to {q, viewed as an automorphism of £ x S' x I by a Laurent polynomial
homotopy ¢;. Then we can combine these approximations with linear homotopies
from ¢y to ¢, and ¢, to ¢} to obtain a homotopy ¢; from ¢ to ¢;.

Hence we need to show that every f € End(E x S') can be approximated by
Laurent polynomial endomorphisms. Therefor we choose open sets U; covering
X together with isomorphisms

hii pil(UZ) — Ul x C™.
We may assume that h; takes the chosen inner product in p~(U;) to the stan-

dard inner product in C™, by applying the Gram-Schmidt process to h; ' of the
standard basis vectors.

Let {¢;} be a partition of unity subordinate to {U;} an let {X;} be the support
of ¢;, which is a compact subset in U;. Via h;, the linear maps f(z,z) for z € X;
can be viewed as matrices. The entries of these matrices define functions X; x
S1 — C. Applying Lemma 24.3 to each entry of the matrices, we can find Laurent
polynomial matrices ¢;(x,z) whose entries uniformly approximate those of f(z,z)
for x € X;. It follows that ¢; approximates f in the || - ||-norm, since the entries
are uniformly approximated. From the Laurent polynomial approximations /¢;
over X; we form the convex linear combination

= o,
which is a Laurent polynomial approximating f over all of X x S*. 0

Now we are reduced to Laurent polynomial clutching functions. In fact, we are
reduced to polynomial clutching functions, since if ¢ is a Laurent polynomial we
can write it as

¢ = z"™q for a polynomial function q and some m.

Then we get
(B = [Eq@H™
The next step is to simplify from polynomials to linear clutching functions.

Proposition 24.4. If q is a polynomial clutching function of degree at most n,
then

[Eql® [nEid] = [(n+ 1)E, L"q] for a linear clutching function L"q.
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Proof. Let
q(x,2) = ap(x)z" + - - + ap(z).
Each of the matrices

1 -z o --- 0 O 100 --- 00
0 1 -z - 0 0 1 - 00
0 0 1 -0 0 001 .- 00
A= | . : : . .| B=]. o
0 0 0 1 -z 000 - --- 10
Qp QAp—1 GQp_2 -+ Q1 G 000 --- 0 ¢
defines an endomorphism of (n+1)E by interpreting the (i,j)-entry of the matrix

as a linear map from the jth summand of (n + 1)E to the ith summand, with
the entries 1 denoting the identity £ — E and z denoting z times the identity,
for z € St

Now we define the sequence ¢,(z) = ¢,(x,z) inductively by

Qo = ¢ 2¢r+1(2) = ¢-(2) — ¢-(0).
Then we have the following matrix identity:

1 00 -+ 00 1 00 0 0 1 —z 0 0 O
¢w 1 0 -~ 00 010 00 0 1 —=z 0 O
e 01 --- 00 00 1 0 0 0 0 1 0 O
A= . . . - o :
o1 0 0 -~ 1 0 000 10 0 0 0 1 —z
% 00 --- 01 000 0 ¢ 0 0 0 0 1
We can rewrite this identity as
(8) A= (1+ N)B(1+ Ny)

where N; and N, are nilpotent. If N is nilpotent, then 1 4+ t/N is an invertible
matrix for 0 < ¢ < 1. Since matrix B defines a clutching function for
[E.q) @ [nE,id],

it is invertible in each fiber. Hence (8) shows that A is invertible in each fiber.
Thus A defines an automorphism of (n + 1)E for each 2 € S and therefore a
clutching function which we denote by L™q. Since L"q has the form

Lq(2.2) = a()2 + b().

Moreover, it follows from (8) that A and B define homotopic clutching func-
tions. Hence we obtain an isomorphism of vector bundles:

[Eq] ® [nE,id] = [(n+ 1)E, L"q].
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24.2. Linear clutching functions. For linear clutching functions we have the
following key fact:

Proposition 24.5. Leta,b € End(E) and assume we are given a bundle [E, a(x)z+
b(x)]. Then there is a splitting E = E_ & E, with

[E,a(z)z + b(x)] = [E, 2] & [E_id|(X B, ® He&® E_).

To prepare the proof of the proposition, we start with a brief side discussion.
Let T" be an endomorphism of a finite dimensional vector space E, and let S be
a circle in the complex plane which does not pass through any eigenvalue of 7T'.
Then

211

Q:L/(Z—T)ldz
is a projection operator in F, i.e., )? :SQ, which commutes with 7. This induces
a decomposition
E=E,®oF E,=QFand E_ = (1-Q)E,
which is invariant under 7". Hence T' can be written as
T=T, T

Moreover, the eigenvalues of T’y are all inside S, while the eigenvalues of T_ are
all outside of S.

Sketch of a proof of Proposition 24.5. For a,b € End(F), write p(z) = a(x)z +
b(x). Since a(x)z + b(x) is invertible for all z, b(z) has no eigenvalues on the unit
circle S'. We define an endomorphism of E by

1
= — b) tadz.
Q 5 ‘Z|:1(az+ ) adz

(Hence @ defines a linear transformation on each fiber E, of E.) It is even a
projection operator. Moreover, () commutes with a and b. Now one defines

E. =QF and E_ = (1 — Q)E.

Now one has to check that E, and E_ inherit a vector bundle structure from FE.
Once this is done, we get a decomposition

E=2FE . 0FE_
and our endomorphisms induce endomorphisms
py =a,z+by €End(E, x SY) andp_ =a_z+b_ € End(E_ x S*).
Moreover, a; and b_ are isomorphisms (and so are a_ and by.) Setting

Pt :pi +pt, where pi —a z+thy, pt =ta_z+b_,0<t<1,
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we obtain isomorphisms

[E.p] [E,ayz+ b_] from the homotopies above
[E+7a+z] D [E—vb—]

[E.,2] @ [E_,id] since a;z ~ z and b_ ~ id

1111

O

24.3. Proof of the Periodicity Theorem. As a consequence of the previous
discussion we obtain that for every vector bundle F' over X x S? there is an
integer n > 0 and bundles E;, Ey and E3 over X such that

F®Hn@7T*E1 gﬂ-*E2®H@7T*E37

where m: X x S? — X is the projection.

Moreover, the homotopy of clutching functions
220\ [z 0\ [z 0 z 0\ (1 0\ (z 0
0 1) \0o 1/\0 1 0 1)\0 =) \0 =z

H>®1=H®H.

implies

Hence we have
([H - 1) = ([H]' = 1)’ =0 in K(X x S?).

Finally, this implies that every element ¢ in K(X x S?) can be written as
=m6 +7& - (H] - 1)

with &,& € K(X). This shows the surjectivity statement of the Periodicity
Theorem.

The injectivity can then be proved by showing that the elements & and &, are
in fact unique in K(X). One has to check that all the choices we made during
the constructions did not matter. We omit the careful analysis that is necessary
to do this. We refer to Atiyah’s book orHatcher’s lecture notes for more details.

In the end, the Periodicity Theorem tells us that K (X x S?) is a free K(X)-
module with generators 1 and [H] — 1. The ring structure on K (X x S?) is
determined by the single relation ([H] — 1)* = 0.
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25. ADAMS OPERATIONS IN COMPLEX K-THEORY

There are very important ring homomorphisms in complex K-theory, called
Adams operations. Today we are going to see how they can be defined and that
they have the following properties:

Theorem 25.1. For each non-zero integer k and each compact Hausdorff space
X, there is a ring homomorphism

Y K(X) = K(X)
satisfying the following properties:

(1) Y* =id and ¥~ is induced by conjugation of complex bundles.
(2) YEf* = f*F for all maps f: X =Y, i.e., the ¥ are natural homomor-
phisms.
(3) V*(L)y=LF=L®---® L if L is a line bundle.
(4) PF ot =Y.
(5) YP(a) = o modulo p for a prime p
(6) If X is a based space, then, by the naturality property (2), each ¢* restricts
to an operation
Ot K(X) = K(X),
since K(X) is the kernel of the homomorphism K(X) — K (x).
For 2n-spheres, the Adams operations act as

VF(x) = K"z for x € K(S™).

The proof of the theorem will occupy the rest of today’s lecture.

First of all, if we impose property (4), =% = %=1, and use (1) to define 1)1,
we only need to construct the ¢* for k > 1.

By extending the construction from vector spaces to bundles we can form an
exterior power A\*(E) which has the following properties:

(i) M(Er @ Ez) = @i jmi N (E1) @ N (Eo).
(ii) \°(E) = 1, the trivial line bundle.
(i) \Y(E) = E.
(iv) M*(E) = 0 for k greater than the maximum dimension of the fibers of E.

Lemma 25.2. The \* extend to operations on K -theory
MoK (X) = K(X).

Proof. Consider the multiplicative group G of power series with constant term 1
in the ring K (X)[[t]] of formal power series in the variable t. We define a function
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from equivalence classes of vector bundles to this abelian group by setting
AE) =1+ AN (E)t +- -+ N (E 4 -
Property (i) above implies
This means that A is a morphism of monoids and hence induces a homomorphism
of groups
A K(X)—G.
We define
M¥(x) to be the coefficient of t* in A(x).

O

Back to the Adams operations. Let us consider the special case of a vector
bundle £ which is a sum of line bundles L;. Then properties (3) and (4) give us
a formula

YLy + -+ L) =Ly + -+ LE.
The construction of the ¥ will be based on showing that there is a polynomial
Q) with integral coefficients with

LY+ LF = Qu\Y(E),..., \N(E)).
This leads us to define
VH(E) = Qr(AY(E), ..., A (E))
for arbitrary E.

So we need to find these polynomials ). Therefor we consider the polynomial
algebra Z[xy, ..., x,] and let

O-i:xlx2"'xi+"'
be the ith elementary symmetric function in the x;’s. The o;’s form a subring
Zloy,...,00] CZlxy, ... 2],

and satisfy
(I4+z) -4z, =140+ -+ 0y
The crucial property for us is that every symmetric polynomial of degree k in

x1,...,T, can be expressed as a unique polynomial in o4,...,0.. In particular,
there is a polynomial Q; such that
(9) Qk(ghao_k):xllc—'——f—mfz

Moreover, this () is independent of n as long k& < n, since we can pass from n
to n — 1 by setting x,, = 0.
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Lemma 25.3. The Qi satisfy the recursive formula

Qr = 01Q-1 — 02Qk—2+ -+ + (=1)"?03,_1Q1 + (—1)* ko,
Proof. This is an exercise. OJ

The lemma yields for example
QL =01, Qy =07 — 20y, Q3 = 0% — 30,09 + 303.
Lemma 25.4. For E=Li+---+ L,:
Li 4+ L = Qu(N'(E),...,\*(E)).

Proof. The assumption on F implies

AE) = []A@L) = [+ M (Lot = [+ Lat).

i 7

When we compute the product we see that the coefficient \/(E) of ¢ in A(F)
satisfies

N(E)=04(Ly,...,Ly).
Substituting L; for z; in (9) now yields the assertion. O

Now we can define 1.

Definition 25.5. For every element £ in K(X) we define
V(€)= Qr(N(E), . A (9))-

Now we need to show that the 1*’s satisfy the properties of the theorem. To
do this we will use the following fact, known as the Splitting Principle, which is
very useful for proving all kinds of statements in /K (X).

Theorem 25.6. Given a vector bundle E — X over a compact Hausdorff space
X, there is a compact Hausdorff space F(E) and a map p: F(E) — X such that
the induced map p*: K*(X) — K*(F(E)) is injective and p*(E) splits as a sum
of line bundles.

Using Theorem 25.6 we finish the proof of Theorem 34.7:

(1) holds by definition for ¢)~! and follows from @, = o, and Theorem 25.6
for 1.
(2) follows from the naturality of A i.e., f*(N(E)) = X(f*(E)).
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(3) If E = L is a line bundle, then \'(L) = L and A\*(L) = 0 for k > 2. Hence

V(L) = Qu(L) = L*
For it follows from Lemma 25.3 that Q = % modulo terms in the ideal
generated by the o;’s for ¢ > 1.

Additivity: Let E and F be vector bundles over X. By (2) and Theorem 25.6 we take
a pullback to split £ and then take another pullback to split F' as sums
of line bundles. But then the identity

¢k(L1+...+Ln):L’f+...LZ

shows us that ¥* is additive for sums of line bundles. The injectivity
statement of Theorem 25.6 implies that we have

V(B ® F) = ¢M(E) +UM(F).
This implies that ¢* is an additive map K(X) — K(X).
Multiplicativity: Let E and F' be vector bundles over X. By (2) and Theorem 25.6 we take
a pullback to split E of line bundles L;’s and then take another pullback

to split F' as sums of line bundles M;’s. Then F ® F' is a sum of line
bundles L; ® M;. Hence

NE®F) = L v o) = 3o M) = SIS ME = HEWE)

This 1mphes that 1* is a multiplicative map K (X) — K(X).
(4) Theorem 25.6 and Additivity reduce us to the case E' = L a line bundle.
But in this case we know

YE(Wi(L)) = L* = o™(L).
(5) Once again we can assume E = L; + -+ L,. Then
YP(E)=IL+---+IP =(Ly+ -+ L,)” = E” modulo p.

(6) We know from before that K (S?) is generated by 1—[H] with (1—[H])? =
0. By additivity, we know

VM1~ [H]) =1~ [H]".
By induction on k, one sees 1 — [H]* = k(1 — [H]). For
1= [H]* = (1= [H Y [H]+ (1= [H]) = (k—1)(1— [H])+ (1 - [H]) = k(1 - [H]).
This shows the formula for S?. Now we use that
S = SPA N S?
and K (52") is generated by the k-fold tensor power
1-[H)®--- & (1 -[H]).
Now (6) follows from the multiplicativity of 1*.
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26. THE HOPF INVARIANT ONE PROBLEM VIA K-THEORY

We return to one of our initial problems and answer the question for which
n there can be a division algebra structure on R". The answer to this question
will follow from the solution of a famous problem in algebraic topology, the Hopf
iwvariant one problem.

26.1. The Hopf invariant. For n > 2, let S™ be an oriented n-sphere. Assume
we are given a pointed map f: S?" ! — S™. Considering $?*~! as the boundary
of an oriented 2n-cell, we can form the cell complex X = X; = S™ Uy e*", the
cofiber of f. It is the complex formed from the disjoint union of S™ and e** by
identifying each point in S?"~! = é%" with its image under f. The cell complex
X has a single vertex, a single n-cell and a single 2n-cell.

Let
m: X = X/S" = S2n

be the quotient map that collapses S™. It fits into a sequence
gt Ly gn Ly x I g2 Zy gnet,

Now we specialize to the case that n is even and form the long exact sequence in
reduced K-theory of the pair (X, S™). Since

K'(58%) = KY(S") =0

we obtain a short exact sequence

* ~

(10) 0— K(5%) 5 K(X) 5 K(S™) — 0.

Let i, be a generator of IN((S”) and i, be a generator of IN((SQ”). Choose an
element

a € K(X) such that i*(a) = i, and let b = 7*(ia,) € K(X).

The sequence (12) shows that K(X) is a free abelian with generators a and b,
since

K(S?) = K(S") = Z.

Since any square in K (S™) vanishes we have i2 = 0. Hence
a® = h(f) - b for some integer h(f).
Lemma 26.1. The integer h(f) is well-defined.
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Proof. We need to show that h := h(f) does not depend on the choice of a. Be-
cause of the exactness of (12), a is unique up to adding a multiple of b. Moreover,

(a+mb)* =a®>+2m-a-b, since b* = 7*(i3,) = 0.
Hence it suffices to show a - b = 0. Since b maps to 0 in K(S™), so does a - b.
Hence

a-b=k-b for some integer k.

Multiplying the equation k- b = b - a on the right by a gives

kE-b-a=b-a*=b-h-b=h-b*=0 since b> = 0.
Thus k- b-a = 0, which implies a -b = 0 since a - b lies in the image of K(S?") in
K (X) which is an infinite cyclic subgroup of K(X). O]

Definition 26.2. The Hopf invariant of f is the integer h(f).

Example 26.3. If n is 2, 4, or 8, there exists a map f: S**~! — S" with Hopf
invariant one. For n = 2, f may be taken as the natural projection

f: 8% = 5% =cCpP,
viewing S? as the unit sphere in the complex plane C2. Such an f is the attaching
map in the complex projective plane

CP2 = S2 Uf 64.

Then we have h(f) = 1, since K(CP?) 2 Z-a @ Z - a?, and hence the generator
b is exactly a?.

The cases n = 4 and n = 8 correspond to the quaternionic plane and the
Cayley plane, respectively. We will get back to these examples later.

Remark 26.4. The Hopf invariant is usually defined using integral cohomology
groups. But we will show later that both definitions yield the same number.
Using the cohomological definition it is clear that, if n is odd, then h(f) = 0 for
all f. So n even is the only interesting case and our initial reduction to that case
is not really a restriction.

Remark 26.5. The homotopy type of X depends only on the homotopy class
of the map f. Thus A(f) only depends on the homotopy class of f. We may
therefore speak of the Hopf invariant of a homotopy class and consider h as a
function

h: Wgnfl(sn) — 7.
The Hopf invariant has the following properties.

Proposition 26.6. Let n > 2 be an even integer. The Hopf invariant has the
following properties:
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(1) If g: S*~1 — S?"1 has degree d, then h(f o g) =d - h(f).
(2) Ife: S®™ — S™ has degree d, then h(eo f) = d*- h(f).
(3) There exists a map f: S* 1 — S™ with Hopf invariant two.
(4) The Hopf invariant defines a homomorphism of groups ma,—1(S™) — Z.

We will postpone the proof of the proposition. We just mention an immediate
consequence for the structure of the homotopy groups of spheres.

Corollary 26.7. Ifn is even, then mwa,_1(S™) contains an infinite cyclic subgroup
as a direct summand.

Proof. In fact, the cyclic subgroup generated by the homotopy class of a map of
Hopf invariant two must be mapped isomorphically onto the even integers by the
homomorphism h. (]

The much more important and harder result is the following famous theorem
of J.F. Adams. Adams’ initial proof was based on cohomological methods. Using
Adams operations in complex K-theory yields a much simpler proof due to Adams
and Atiyah.

Theorem 26.8. For an even integer n > 2, there exists a map f: S~ 1 — 8"
with h(f) = £1 only if n =2, 4, or 8.

Proof. We write n = 2m. Since we computed the effect of the kth Adams opera-
tion ¥* on K (S*™) we know

V¥ (igy) = k*™ig, and Y*(in) = k™i,,.
Hence
YF(b) = k*™b and Y*(a) = k™a + iz
for some integer p;. For k = 2 this is
2"a + pgb = ¥*(a) = a® = h(f) - b mod 2.
Thus h(f) = £1 implies that us is odd.

Now, for any odd k,

VM2 (a) = M(27a + pab)
= km2™a + (2™, + k*™ug)b

while
PMa) = P*(k"a+ pub)
= 2™k™a + (K™ g + 22" g )b.
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Since YPFp? = p?* = 1p%)*, these two expressions must be equal. Moreover, since
K(X) is a free abelian group, the coefficients of b must agree

22" — Vpgy = k™ (K™ — 1) pa.

Since po is odd, this implies that 2™ divides ™ — 1. Already with k& = 3, the
following elementary number theoretic lemma shows that this implies m = 1, 2,
or 4. 0

Lemma 26.9. If 2™ divides 3™ — 1 then m =1, 2, or 4.

Proof. Write m = 2°k with k odd. It suffices to show that the highest power of 2
dividing 3™ — 1 is 2 for £ = 0 and 2°*2 for £ > 0. Then the lemma follows, since
if 2" divides 3™ — 1, then we deduce m < ¢ 4 2, hence 2¢ < 2k =m < { + 2.
This implies £ < 2 and m < 4. The cases m = 1, 2, 3, and 4 can then be checked
individually.

We use induction on ¢. For ¢ = 0 we have
3" —1=3"-1=2 mod 4, since 3=—-1 mod 4 and k is odd.
Hence the highest power of 2 dividing 3™ —1 is 2. In the next case £ = 1, we have
3m—1=3%_1=03"-1)(3"+1).
The highest power of 2dividing the first factor is 2 as we just showed and the
highest power of 2 dividing the second factor is 2 since
3*+1=4 mod 8 because 32 =1 mod 8 and m is odd.

So the highest power of 2 dividing the product (3* — 1)(3¥ + 1) is 8. For the
inductive step of passing from ¢ to £ + 1 with ¢ > 1, or in other words from m to
2m with m even, write

3 —1=(3"—-1)(3"+1).

Then 3™ + 1 = 2 mod 4 since m is even, so the highest power dividing 3™ + 1 is
2. Thus the highest power of 2 dividing 3%™ — 1 is twice the highest power of 2
dividing 3™ — 1. OJ
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27. CONSEQUENCES OF THE HOPF INVARIANT ONE PROBLEM

Last time we discussed the K-theoretical proof of the following fundamental
result.

Theorem 27.1. For an even integer n > 2, there exists a map f: S*"~1 — 8"
with Hopf invariant one only if n = 2, 4, or 8.

Today we will see some consequences of this result.

27.1. H-space structures on S"!. As an important consequence of the the-
orem we can determine for which n the sphere S™ admits an H-space structure,
i.e., there is a continuous multiplication map

g: S" xS — 95"
with a two-sided identity element.

Theorem 27.2. If S" ! is an H-space, thenn =1, 2, 4, or 8.

Let us first deal with the case that n is odd. Write n — 1 = 2k. Since the
K-theory group K (S%*) is isomorphic to Z[a]/(a?), the Bott periodicity theorem
implies

K(S? x 5%) 2 Z[a1]/(a*, )
where o and b denote the pullback of generators of K (S5%*) and K (5%) under the
projections of S%* x S?* onto its two factors. An additive basis for K (S% x S%)is
thus {1, a, 8, af}.

Now let us assume we had an H-space multiplication map
p: S x §% 5 g
and let e be the identity element. The induced homomorphism of K-rings has
the form
w20/ (V) = Zla, ]/ (o, 67).
We claim
1 (y) = a+ B+ map for some integer m.
For: the composition
SQk i> SZk % SQk i> S2k

is the identity, where 4 is the inclusion onto either of the subspaces S* x {e} or
{e} x S?* (with e the identity element of the H-space structure). The map i* for
1 the inclusion onto the first factor sends « to v and b to 0, so the coefficient of «
in p*(y) must be 1. Similarly the coefficient of § in p*(y) must be 1. This proves
the claim.
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But this leads to a contradiction, since it implies

1 (7)) = (a+ B+ maB)® =208 # 0,

which is impossible since 7? = 0.

The strategy to prove Theorem 27.2 for n even is the following: given an H-
space structure on S, we construct from it a map f: S**~! — S™ of Hopf
invariant one.

Let g: S" ! x §"~1 — 87! be a continuous map. Regard S?"~! as
d(D" x D) = D" x D" U D" x D",

and we consider S™ as the union of two disks D} and D" with their boundaries

identified. Then f: $?*~1 — S™ is defined by

fxy) = lylg(z.y/lyl) € DY on D™ x D"
and

f(zy) = |zlg(x/|z]y) € D" on D" x 9D".

Note that f is well-defined and continuous, even when |z| or |y| is zero, and f
agrees with g on S"~! x §"1,

Lemma 27.3. Let n > 2 be an even integer. If g: S" ' x "1 — S 1 isan H-

space multiplication, then the associated map f: S?*"~' — S™ has Hopf invariant
+1.

Proof. Let e € S"! be the identity element for the H-space multiplication, and
let f be the map constructed above. In view of the definition of f it is natural
to view the characteristic map ¢ of the 2n-cell of Xy as a map

¢: (D" x D", d(D" x D)) — (X}, S™).

In the following commutative diagram the horizontal maps are the product maps.
The diagonal map is the external product, equivalent to the external product

K(S") @ K(5™) — K(S™),
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which is an isomorphism since it is an iterate of the Bott periodicity isomorphism.

K(Xp) @ K(X;) K(Xy)
K(X;,D") @ K(X;, D?) K(Xy,S")
¢*@¢* ¢>*l%
K(D" x D", D" x D") @ K(D" x D", D" x 9D") — K (D" x D", d(D" x D"))

K(D" x {e},0D" x {e}) ® K({e} x D", {e} x dD")

By the definition of an H-space and the definition of f, the map ¢ restricts to a
homeomorphism from D" x {e} onto D" and from {e} x D™ onto D™. It follows
that the element a ® a in the upper left group maps to a generator of the group
in the bottom row of the diagram, since a maps to a generator of K(S™) by
definition. Therefore by the commutativity of the diagram, the product map in
the top row sends

a®a— b
since b was defined to be the image of a generator of K (X[,S™). Thus we have
a’ = +b,
which means that the Hopf invariant of f is +1. 0

Theorem 27.2 is now an immediate consequence of the lemma.

27.2. Division algebra structures on R". The determination of which spheres
are H-spaces has the following important implications.

Theorem 27.4. Let w: R" x R" — R" be a map with two-sided identity element
e # 0 and no zero-divisors. Thenn =1, 2, 4, or 8.

Proof. The product restricts to give R® — {0} an H-space structure. Since S"~!
is homotopy equivalent to R” — {0}, it inherits an H-space structure. Explicitly,
we may assume that e € S" !by rescaling the metric, and we give S"~! the
multiplication

¢: ST x STt g
defined by

¢(zy) = w(zy)/|w(zy)l.

This is well-defined, since w has no zero divisors. O
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Remark 27.5. Note that w need not be bilinear, just continuous. it also need
not have a strict unit. All we needed is that e is a two-sided unit up to homotopy
for the restriction of w to R™ — {0}.

In Lecture 3, we showed that there are trivializations of the tangent bundle of
the spheres S*, S, and S7. Now we can show that there are no other spheres
with trivial tangent bundle.

Theorem 27.6. If S™ is parallelizable, i.e., if the tangent bundle T to S™ is
trivial, thenn =0, 1, 3, or 7.

Proof. The case n = 0 is trivial. So let n > 1 and assume that S™ is paral-
lelizable. Let vq,...,v, be a tangent vector field which are linearly independent
at each point of S™. By the Gram-Schmidt process we may make the vectors
x,v1(x),...,v,(x) orthonormal for all z € S™. We may assume also that at the
first standard basis vector ey, the vectors vi(e1), ..., v,(e1) are the standard basis
vectors es,...,e,11. To achieve this we might have to change the sign of v, to
get the orientations right and then deform the vector fields near e;.

Now let ¢, € SO(n + 1) send the standard basis to x,vi(x),...,v,(x). Then
the map
¢: (z,y) = ¢a(y)
defines an H-space structure on S™ with the identity element e; since ¢, is the
identity map and ¢,(e;) = x for all xz. Hence n =1, 3, or 7. O
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28. THE CHERN CHARACTER

We have seen that singular cohomology and K-theory enjoy similar properties.
The splitting principle implies a direct connection between them which we will
describe in today’s lecture.

28.1. The Chern character. Let X be a compact Hausdorff space. We want
to define a ring homomorphism, called Chern character, from K-theory to coho-
mology.

Before we define this homomorphism we think of an assignment that sends
vector bundles to cohomology classes, the Chern classes. We need to understand
how the tensor product of line bundles behaves under Chern classes. Recall

CP™ ~ K(Z.2)

and that line bundles are classified by their Chern classes regarded as elements
of

[X,CP>] = H*(X;Z).
The tensor product of two line bundles is represented by a product map
¢: CP* x CP* — CP*
which gives CP* an H-space structure. We may think of ¢ as an element of
H?*(CP™ x CP*™;Z) = H*(CP*;Z) ® H*(CP™;Z)

and this element is the sum of the Chern classes in the two copies of H*(CP*>;Z)

This shows that for two line bundles L; and L, over X, we have

c1(Ly ® Lg) = ¢1(L1) + ¢1(L2).
Now we would like to define a ring homomorphism ch: K(X) — H*(X;Q).

We start with the case of a line bundle L — X. We want ch to send the tensor
product to products in in cohomology. So we set

ch(L) =B =14 ¢;(L) + ey (L) /2! + - -- € H(X;Q),
because then
Ch(L1 ® LQ) — ea1ln®Ll2) _ jer(Li)+ei(L2) Ch(Ll) . Ch(LQ).

(If the sum defining ch(L) has infinitely many terms, it will not lie in the direct
sum but rather in the direct product of the groups H*(X; Q). But in the main
examples, H"(X;Q) will be zero for n sufficiently large.)
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For a direct sum of line bundles £ = L & --- & L,, we define

C(E) = ch(Li) =) e =n+(ty+--+ty)+ -+ +- 15kl + -
where t; = ¢1(L;). The total Chern class ¢(F) is then
c(B)=(1+t) - (1+t,) =1+ci(E)+-cu(E)

and c;(E) = o; is the jth elementary symmetric polynomial in the ¢;’s.

As we saw in Lecture 25, there is a polynomial )} with
Qrlor,...,o0) =th + - 1k
Hence the above formula reads
ch(E) =dimE+ ) Qu(ci(E), ... cl(E))/k.

k>0
For general E, we define ch(E) by this formula.

Remark 28.1. In fact, if we want to define ch as a natural ring homomorphism
which sends “generators for spheres to generators” then we have only one chance
to do this. For, assume ch is such a map. Then for X = §? = CP!

ch: K(S%) — H*(S* Q)

the generator H — 1 is sent to a generator x in H*(5% Q), hence H is sent to
1+ 2z in H*(S?% Q). For CP* this implies

ch: K(CP*) - H*(CP*;Q),H » 14+ x+--- = f(x)
where f(x) is some power series in z. Now looking at the commutative diagram
K(CP> x CP>) K(CP>)

| |

H*(CP*® x CP=;Q) — H*(CP>; Q)

we see that the series f must satisfy f(z +y) = f(x) - f(y), where y is the label
for the generator of the cohomology of the other copy of CP*>. But there is only
one power series that does the job, namely f(z) = e®.

28.2. A more formal description of ch. Let R be a any commutative ring
and consider a formal power series

F#) = ait' € R[[t]].
Given an element z € H"(X; R), we let
f(z) = Zaixi € H™(X; R),
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where H**(X; R) = [[, H'(X; R) whose elements are considered as formal sums

> ¥i with deg(y;) = 1.

Via the splitting principle we can use f to construct a natural homomorphism
of abelian monoids

~

f: Vect(X) - H*(X; R)

For a line bundle L over X, we set

F(L) = fle(L)).

For asum K =L & --- & L, of line bundles over X, we set
F(B) =" fler(L)).
i=1

For a general n-plane bundle E over X, we let f (E) be the unique element of
H**(X; R) such that

p'(f(E) = f(r’(E)) € H*(F(E); R).
More explicitly, writing p*E = L, & - - - L,,, we know by the definition of Chern

classes
I] @—a@))=o.

1<k<n

This implies that
(P E) = p*(c(E)) = or(cr(Ln), ..., c1(La))

is the kth elementary symmetric polynomial in the ¢1(Ly). Likewise, we see that
f(p*E) is a symmetric polynomial in the ¢;(L;) and can therefore be written as a
polynomial in the elementary symmetric polynomials. Applying this polynomial
to the ¢z (E) gives the element f(E) € H*(X;R). For a vector bundle E over
a non-connected space X, we add the elements obtained by restricting £ to
the components of X. By the naturality property of K(X), f extends to a
homomorphism

f: K(X)— H™*(X;R).

There is also an analogous multiplicative extension f of f that starts from the
definition

JF(E) = Hf(cl(Lm
i=1
onasum E=L;{®---P L, of line bundles.

As an example, we look at the following special case.
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Lemma 28.2. For any R, if f(t) = 1+, then f(E) = c(E) is the total Chern
class of E.

Proof. For a line bundle, we have f(L) = 1 + ¢;(L) = ¢(L), and for a sum
E=L&- - ® L, of line bundles we get

FB) =TI +a(L) = 1+ a(B) + -+ clE)

7

since ¢;x(FE) is equal to the kth elementary symmetric function in the ¢;(L;)’s.
Hence if E is an arbitrary bundle, then

f(B)=1+c(E)+-+cu(E)=c(E).
O

The example we are interested in is the Chern character which gives rise to an
isomorphism between rationalized K-theory and rational cohomology.

Definition 28.3. For R = Q and f(t) = ¢' = Y. t'/i!, we define the Chern
character

ch(E) € H*(X;Q) by ch(E) = f(E).

It is clear that both descriptions of ch agree.

28.3. Properties of ch. This allows us to prove the following result.

Proposition 28.4. The Chern character is a ring homomorphism
ch: K(X) — H*(X;Q).
Proof. By the splitting principle and the construction of ch it suffices to check
this when F; and E, are sums of line bundles. In this case we have
ch(Ey @ Ep) = ch(®i;Liy) = Y _ e"9) = ch(Ey) + ch(Ey)

and

ch(E\®E,) = ch(@;x(L1;@Lar)) = Y ch(L1;®@La) = Y | ch(Lyj)-ch(Ly) = ch(Ey)-ch(Ey).
OJ

Proposition 28.5. Forn > 1, the Chern character maps K’(SQ") 1somorphically
onto the image of H*"(S*";Z) in H*(S*"; Q).
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Proof. Since ch(x® (H —1)) = ch(x)-ch(h—1) we have the commutative diagram

K(X) K(S*AX)

.| o

H*(X;Q) —= H**2(5* A X; Q)

where the upper map is the external tensor product with H — 1, and the lower
map is the product with
ch(H—-1)=ch(H)—ch(l)=14+c¢(H)—1=c(H),

which is a generator of H?(S?;Z). Hence the lower map is an isomorphism too
and even restricts to an isomorphism with Z-coefficients. Taking X = S?", the
result follows by induction on n, starting with the trivial case n = 0. OJ

Corollary 28.6. A class in H*"(S*";Z) occurs as a Chern class c,(E) if and
only if it is divisible by (n — 1)!.

Proof. For vector bundles E — S?" we have ¢;(E) = -+ = ¢,_1(F) =0, so
ch(E) =dim E+Q,(cy,...,c,)/n! =dim E+nc,(E)/n! = dim E4¢,(E)/(n—1)!
by the recursive formula for (),, we mentioned in Lecture 25

Qn = UlQn—l - 02@77,—2 + -+ (_1)n_20n—1Q1 + (_1)71—1”0_”‘
O

Now since Chern classes are in even degrees, the image of ch lies in the sum
of the even degree elements in H**(X;Q) which we denote by H¢*"(X;Q). We
define H°¥(X;Q) to be the sum of the odd degree elements. Then we can
extend ch to Z/2-graded reduced cohomology by defining ¢h on K*(X) to be the
composite

K'(X) = K(SX) < H(3X;Q) = H*(X; Q).
Then we can prove the following fundamental result.

Theorem 28.7. For any pointed finite CW-complex X, ch induces an isomor-
phism
K" (X)®Q = H™(X;Q).

Sketch of the proof. We think of both the source and the target as Z/2-graded.
The Proposition 36.5 implies the conclusion when X = S™ for any n. The cru-
cial point is that the map of the theorem is part of a natural transformation of
cohomology theories. Then the assertion follows from the result for X = S”, the
five lemma and induction on the number of cells of X.
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More explicitely, the case of a cell complex with a single cell is trivial. Then if X
is obtained from a subcomplex A by attaching a cell, then we get a sequence

X/A—=S"NA = S'AX = (SPAX)/(S'AA) — S?AA.

Applying the Chern character to this sequence yields a commutative diagram
of five-term exact sequence (tensoring with Q is exact). Now the spaces X/A
and (S* A X)/(S* A A) are spheres, and both S' A A and S? A A are both cell
complexes with the same number of cells as A (we collapse the suspension or
double suspension of a 0-cell). The five-lemma gives us the result for S' A X.
Then we obtain the result for X by replacing X with S'AX in the above argument
and using that ch commutes with double suspension. 0
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29. THE e-INVARIANT

Today we are going to elaborate a little bit more on the construction we used
for the Hopf invariant one problem. It turns out that this picture contains much
more information.

29.1. Getting information about maps between spheres. Let us look at
a slight variation of the way we defined the Hopf invariant using K-theory. For
m,n > 1, let
f: S2n+2m—1 — SQn

be a pointed map. Let

X = Xf — SQn Uf 62n+2m
be the mapping cone of f, i: S** — X be the inclusion, and

X — X/S§* = gntam

be the map that collapses S**. We would like to measure the extend to which f
is not null, i.e., not homotopic to a constant map. Therefor we would like to use
our favorite (at least for the moment) cohomology theory, complex K-theory.

As in Lecture 26, the sequence
SQn—I—Qm—l i> SQn i> S2n Uf €2n+2m 1> SQTL—I—Zm

(or rather the pair (X, 5?")) induces a long exact sequence in reduced K-theory.
Since the K-theory of spheres is concentrated in even degrees, the K-theory
degree of f, i.e., f((f), is zero. For our goal to measure the extend to which f is
not null this is bad news. But there is still some more information to exploit.

Since K(f) = 0, we obtain a short exact sequence

*

(11) 0 — K(S2m) Ty (82" Uy eF2m) 55 K(S7") — 0.

We know that the outermost groups are the integers and the group in the
middle is an extension. We would like to understand how far from the trivial
extension the sequence (12). In order to make this more precise we need to think
a little bit more about what kind of groups we are talking about.

We have already noticed that the outermost groups in (12) are the integers.
But we also know that the Adams operation ¥* acts on K (S?") by k™ and it acts
on K (S?"2™) by k"™, So let us write Z(n) for the first group and Z(n +m) for
the second. We want to consider them in some category of “abelian groups with
Adams operations”.

Let us make an informal definition:
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Definition 29.1. An abelian group with Adams operations is an abelian group A
together with morphisms 1*: A — A, for k € Z, which commute with each other
and satisfy 1fp* = ke

But we can say even a little bit more about the K-theory groups. In the
previous lecture we defined the Chern character

ch: K(Y) = @, H*"(Y;Q)

which becomes an isomorphism after tensoring K (Y') with Q (assuming Y is a fi-
nite cell complex). The splitting principle now tells us that the Adams operations
on cohomology are given by

YF = k™ on H*(Y;Q).

To check this, write a bundle F as a sum of line bundles. Then we only need to
compute the effect of ¢* on the 2nth component ch™ of ch(L) for a line bundle.
Then we have ¢*(L) = L*, and hence

ch™(YF (L)) = ch™(L*) = (ci(L7))"/n! = (key (L))" /n! = k™cy (D)™ /n! = k"ch™(L).

Hence the action of the Adams operations is semisimple on rational K-theory.
In other words, if A is in the image of the K-theory functor, then A ® Q is a big
sum of copies of Q(n).

29.2. The e-invariant as an extension. Now let us get back to the geometric
situation. The short exact sequence (12) corresponds to an element e(f) (“e” for
extension) in

Ext'(Z(n), Z(n +m))
where the Ext is in the category of abelian groups together with Adams opera-
tions.

What can we say about this group Ext'(Z(n),Z(n + m))? The short exact
sequence
0—Z(n+m)— Qn+m)— Q/Z(n+m) — 0
induces a long exact sequence of Ext-groups

Hom(Z(n), Q(n+m)) — Hom(Z(n), Q/Z(n+m)) — Ext'(Z(n), Z(n+m)) — Ext'(Z(n), Q(n+m)).

Lemma 29.2. For m # 0, the two outermost groups Hom(Z(n),Q(n + m)) and
Ext'(Z(n),Q(n +m)) are zero.

Proof. We only prove the first assertion. If there is a non-trivial homomorphism
Z(n) — Q(n + m), then 1 € Z(n) is sent to some element o € Q(n + m),
and thus £ would have to be sent to k™™™« which is a contradiction. Hence
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Hom(Z(n),Q(n + m)) = {0}. The second assertion requires a little bit more
work. Since the discussion is more philosophical for the moment, we skip the
proof. O

As a consequence of the lemma we get an isomorphism

Hom(Z(n),Q/Z(n + m)) = Ext*(Z(n),Z(n + m)).

The group Hom(Z(n),Q/Z(n+m)) is a subgroup of Q/Z and consists of things
compatible with the Adams operations.

In order to understand this group a bit more, let us spell out what we know.
A homomorphism

Z(n) = Q/Z(n +m)
is determined by where it sends 1 € Z(n). Let us call the image © € Q/Z(n+m).

Then x has to satisfy a condition in order to make the map a homomorphism of
abelian groups with Adams operations. Namely, for all k£, we must have

(k"™ — k™) -2 =0€ Q/Z,
because this expresses the compatibility with 1*. This means that the denomi-
nator of x must divide all the numbers (k"™ — k™) for all k.

In other words, the group Ext'(Z(n),Z(n 4+ m)) is cyclic of order

the greatest common divisor of k" (k™ — 1) for all .

Hence we should calculate this greatest common divisor. There is a nice answer
for it. But before we do this let us make things a bit more concrete. We should
also think about the specific element in Ext'(Z(n),Z(n +m)) that sequence (12)
produces.

29.3. The e-invariant as an element in Q/Z. Let iy, be a generator of K (52")
and 79,19, be a generator of K (S?"T2™). Choose an element

a € K(S™Upe® ™) such that i*(a) = iz, and let b = 7% (ig,y9m) € K (S¥Upe?T2m).
Then for any k, we have

U (a) = k™ a+ py - b.
Since the Adams operations commute, we must have

VF (8 (a)) = YF (0 atpgb) = 0K a0 pub+-E" T g = k" a+- K ppb -0 b = (45 (a))

and hence

KM (K™ = 1)pe = 0(0" — 1)
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for any k and /. This shows us that the rational number
.: ok
e(f): e 1) € Q.
is independent of k. But it might depend on our choice of a. If we change a by

a multiple of b, then e(f) is changed by an integer. (For «’ = a + p- b, we get
e(f) =-e(f)+ p.) Thus e(f) is well-defined as an element of Q/Z.

Finally, recalling where we started we see that we have produced an assignment
(f: g2ntam=l 5 627 s o(f) € Q/Z.

Remark 29.3. 1. The map e is called the e-invariant. It plays an important role
in understanding the structure of the (stable) homotopy groups of the sphere. To
get further into this story we introduce in the next lecture the J-homomorphism.
2. That e(f) is an element in Q/Z fits well with our discussion above. To
determine an element in Hom(Z(n),Q/Z(n + m)) we needed to determine the
image of 1 in Q/Z(n +m).

Lemma 29.4. If f ~ g, then e(g) = e(f), i.e., e induces a map
e: 7T2n+2m—1(52n) — Q/Z.

Proof. This follows from applying the functor K to the diagram

G2n+2m—1 f G2n i G20 (), p2nt2m T g2n+42m =(f) G2n+1

LT T

g2nt2m—1_9 _gen 1 gom U, p2n+2m ! G2nt2m Z(g) G2n+1
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30. THE e-INVARIANT AND THE J-HOMOMORPHISM

We are trying to detect interesting maps between spheres. Last time we defined
the e-invariant and showed that we should think of it as an element in some Ext
group of abelian groups with Adams operations. This group is finite and cyclic
and we saw a criterion for determining its order. But we still need to determine
this order. The reason why this is so interesting is that the order will tell us
something about the size of some of the stable homotopy groups of spheres.

Let us recall the setup. For m,n > 1, let
f: SQn—i—Qm—l N SQn
be a pointed map,
X = Xf — SQn Uf 62n—|—2m
be the mapping cone of f, i: S?" < X be the inclusion, and
T X — X/ 8% =2 gantam

the map that collapses S?*. This gives us a short exact sequence

*

(12) 0 — K(S2F2m) I K (5% Uy e +2m) 5 (52 — 0.
Let iy, be a generator of K(S*") and igniom be a generator of K (S2"+2m).
Choose an element
a € K(S™Upe® ™) such that i*(a) = iz, and let b = 7% (igy9m) € K (S¥Upe?t2m),
Then for any k, we have
VF(a) = k" -a+ - b.
Since the Adams operations commute, we must have
K" (K™ = Dpe = 0(0" = 1),

for any k and ¢. This shows us that the rational number

o Hi
€(f) = m S Q

is independent of k. But it might depend on our choice of a. If we change a by
a multiple of b, then e(f) is changed by an integer. Thus e(f) is well-defined as
an element of Q/Z.

The e-invariant defines a map

e: 7T2n+2m—1(52n) — Q/Z.
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An alternative description of the e-invariant can be given using the Chern
character. The Chern character gives us a commutative diagram

(13) 0 — K(§2F2m) © . [(X;) —— K(52") —0

P o P

0 — H*(S97Q) ——— H*(X;;:Q) —= H'(S™:Q) —0

whose rows are exact.

Let y = 7*(ch(ignsam)) € H***?"(X;;Q) and = be an element in H*"(X;; Q)
that maps to the generator ch(is,). Then we have ch(b) = y. Let r(f) € Q be
such that

ch(a) =z +r(f) -y € H(X;Q) ® H*™ (X ; Q).
Lemma 30.1. 7(f) = e(f) € Q/Z.

Proof. We calculate
ch(V*(a)) = ch(k™-a+ g -b) = k" - ch(a) + px. - ch(b) = k™ -z 4 (K™ -r(f) + ) - .

On the other hand, we have seen above that /% acts on H2" by multiplication by
k™. Hence

V¥ (ch(a)) = k"ch™(a) + k"M eh™ ™ (a) = k" - 2 + K" e (f) -y
Comparing the coefficients of y in both formulas gives

pe = r(f) - (K" (K™ = 1)).

Lemma 30.2. The map e is a group homomorphism.

Proof. Let X, be obtained from S*"* by attaching two 2n + 2m-cells by f and g,
so Xy 4 contains both Xy and X,. There is a quotient map

Qi Xf+g —>Xf7g

collapsing a sphere S?"*2™~1 that separates the 2n+ 2m-cell of X, into a pair of
2n+2me-cells. (This is also called the “pinching map”.) It induces a commutative
diagram

~ Q* ~
K(Xf,g) K(Xf+g)

.| o

(X1 Q) —2= H*(Xf14: Q).
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In the upper row, the generators by and b, are mapped to bs;, and a4 is mapped
to afiy. Similarly, in the lower row, the generators y¢ and y, are mapped to ys,4
and x4 is mapped to zsy,. Using the previous lemma it now suffices to work
with 7 and to look at

Ch<af,g) =Tfgt T(f)?/f =+ T(g)yg
and hence

ch(afig) = xppg + (r(f) +7(9)Ys4g-
O

Remark 30.3. The e-invariant is in fact a stable invariant. We know that the
mapping cone satisfies Xg20; = S?AX; and we noticed in the proof of Proposition
28.5 of Lecture 28 that ch commutes with double suspension. This shows that
we have a commutative diagram

SZA—

Ton+2m—1(5*") Tont2t+2m—1(52"2)

e~

Q/Z

Hence we can view e also as a homomorphism
e: M5y 1(S%) — Q/Z
from the (2m — 1)-stable homotopy group of the sphere spectrum.

Now we should start to calculate the e-invariant. The maps for which we get
the most important results are in the image of the J-homomorphism.

30.1. The J-homomorphism. The J-homomorphism is a natural way to con-
struct maps between spheres. Let us first look at the idea of the construction.

Let O(n) be the group of orthogonal n x n-matrices. It acts on the Euclidean
n-space R™ by linear isometries. A linear isometry of R" extends to the one-point
compactification S™. Hence there is a natural map

J: O(n) — Linlso(R",R") — Map, (5", S™) = Q"S"

where Map,(—,—) denotes the space of basepoint preserving continuous maps
(with the compact-open topology). This induces a homomorphism

J: m(0(n)) = m(2"S"™) = mpn(S™).
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Remark 30.4. There is a little subtlety concerning the above construction of
J. For the basepoint of (2"S™ is the constant map at the basepoint. The space
2"S™ has many path components, one for each degree. The image of O(n) lies
in the path components Q7S™ and " ,S™ of paths of degree £1 (remembering
that O(n) has two components). The basepoint of O(n), the identity map, goes
to the identity map of S™. Hence the map O(n) — Q"S™, as described above, is
not basepoint preserving. So we should modify the map by “subtracting off” (in
some group model for Q"S™) the identity map. Hence we should use

J: O(n) — Q28" = Qrs™,
Here is a more concrete way to define the J-homomorphism. Let £ > 1. An
element [f] € mx(O(n)) is represented by a family of isometries
fe € O(n), x € S* with f, = id when x is the basepoint of S*.

Writing

SR — 9(DF x D™) = S* x D" U D" x §"7' and S™ = D"/oD",
let

Jf(zy) = fu(y) for (z,y) € S* x D™ and Jf(D*™ x S"7') = oD",

where we think of the latter 0D™ as the basepoint of D"/0D™.

It is easy to see that if f ~ g then Jf ~ Jg. Hence we obtain a map
J: m(O(n)) = mpyn(S™).

Lemma 30.5. J s a homomorphism.
Proof. Exercise. OJ

It is easy to check that if we embed O(n) into O(n + 1) this corresponds to
taking suspension. Since both groups m(O(n)) and 74, (S™) are independent of
n for n—1 > k, we can pass to the limit in n and get the stable .J-homomorphism

J: m(0) = 7 (SY) = mp(SY).

The image of the J-homomorphism in 74(S°) is the main part of the stable
homotopy groups which is accessible to direct computations.
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30.2. The complex J-homomorphism. In our computations we will focus on
the following complex version of J. We can compose J with the map

7, (U) — 7, (O) induced by the natural inclusions U(n) C O(2n).
This defines the stable complex J-homomorphism

Jo: mp(U) — m(SY).

On the groups 7;(S°) we have defined the e-invariant. Our goal now is to com-
pute the e-invariant on the image of Jg, i.e., we want to compute the composition

eoJo: m(U) — Q/Z.

There is the following great result.

Theorem 30.6. Let f: S?**=1 — U(n) represent a generator in mor_1(U). Then
e(Jef) = £Bi/k

where By is defined by the power series

r Bk
er—1 Zk: kL
Hence the image of J in mar_1(S°) has order divisible by the denominator of By /k
(that is the denominator when we take By /k in reduced form).
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31. THE IMAGE OF THE J-HOMOMORPHISM

The stable J-homomorphism J: 74(0) — 7(S°) is an important tool to pro-
duce interesting maps between spheres. Last time we also considered its complex
analogue

J(cl Wk(U) — Wk(O) — Wk(SO)

which is a little bit easier to handle. Today we start to prove the following great
result:

Theorem 31.1. If f: S?* — BU represents a generator xop in T, (BU), then
e(Jef) = £By/k

where By, is the kth Bernoulli number defined by the power series
T BaF
et —1 ; Kl

Hence the image of J in mwor_1(S°) has order divisible by the denominator of By /k
(that is the denominator when we take By/k in reduced form).

Before we start let us think a bit more about the maps in question. We can
rewrite J¢ as

11U = 7, BU = K’O(Sm) — Tm-1(5?)
and it factors through the real J-homomorphism
Tm10 = T BO = KO°(S™) = 7p0_1(S°)
where K OO(Sm) denotes the real K-theory of S™.
The groups 7,,_1U alternate between being Z and 0: if m is even, then we get
Z; if m is odd, then we get 0:

m 1 2 3 4

5 6 7
TmaaU 0 Z 0 Z 0 Z 0

8
7.
The homotopy groups 7,10 of O show an 8-fold periodicity:

m 1 2 34567 8
MmO ZJ2 ZJ2 0 Z 0 0 0 Z.

The map
7 =7, U — 7Tm,10 =7

is an isomorphism when m = 4 mod 8 and is multiplication by 2 when m = 0 mod
8. (One can see this by looking at the composite =, BU — m, BO — =,,BU.)
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We formulated our theorem in terms of the complex J-homomorphism, because

it makes things easier. But from the table of 7, 1 BO we see immediately that
the J-homomorphism is zero when m is odd.

Moreover, the cost of working with complex rather than real K-theory is an
overall factor of two, i.e., by computing

Jc 0 €ec
Top—1U —= mop1S° — Q/Z

we get twice the value of the real e-invariant er of the real J-homomorphism of
the generator of real K-theory.

The theorem tells us that if o, € m, BU is a generator, then ec(Jc(x2,)) = %.

Then one can deduce from the above discussion the following result.

Corollary 31.2. If ys, € 14, BO is a generator, then er(Jr(Yan)) = %.

31.1. Thom complexes and the J-homomorphism. The initiating idea for
the proof of the theorem is based on the following very important fact. If we want
to show that a map of spheres is nontrivial, we have to make computations in the
mapping cone. When a map is in the image of J, we have a lot of information
about this mapping cone: it is actually a Thom complex.

Proposition 31.3. Let & be an n-dimensional complex vector bundle over S*
classified by a map

¢: 8% — BU(n).
The Thom complex of € is S*" Uje e,

Proof. Since mop(BU(n)) = mor—1(U(n)), there is a map
f: 8% 5 UM).

We consider f as a clutching function for £. In fact, we can identify ¢ with the
bundle &; obtained from D* x C"II C" by identifying

(z,0) ~ fo(v) for x € OD*.

Restricting to the unit disk bundle D(&;) we have D({f) expressed as a quotient
of D* x D> 11 D*" by the same relation. The quotient T'(&f) = D(&;)/S(&y)
contains a sphere S?" = D?"/9D?"  coming from the second copy of D?", and
T(&;) is obtained from S*" by attaching a cell e2*™2" with characteristic map the
quotient map

D* x D*" — D(&) — T(&5).

The attaching map of the cell is precisely J(f), since it is given by
(z,v) = fu(v) € D*/OD* on 0D* x D"
and maps all of D?* x dD?" to the point 0D*"/0D*". O
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If we want to compute eJc(f) we need to compute ch(a) for an element
a € K(X ;) = K(T¢) which restricts to a generator in K (S%")

where S2" is a fiber of D(£) as in the previous proof. A class in K(7T'(€)) which
restricts to a generator for each sphere S™ coming from a fiber of £ is called a
Thom class of £&. Hence we need to understand the Chern character of Thom
classes in K-theory.
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32. THE IMAGE OF THE J-HOMOMORPHISM AND THOM CLASSES

We are still on the way to prove the following theorem on the complex J-
homomorphism

Jo: m(U) = mx(0) — m(S°).
Theorem 32.1. If xo in mor(BU) is a generator, then
e(Jef) = £Bi/k

where By, is the kth Bernoulli number defined by the power series
T BaF
et —1 Zk: Kl

Hence the image of J in mor_1(S°) has order divisible by the denominator of By /k
(that is the denominator when we take By/k in reduced form).

32.1. Thom classes and the Thom isomorphism in K-theory. We saw last
time that if £ is an n-dimensional complex vector bundle over S?" classified by
a map

f:S* - BU
then the Thom complex of £ is 52" Uy e*" .

Hence if we want to compute eJc(f) we need to compute ch(a) for an element
a € K(X ;) = K(T¢) which restricts to a generator in K (S%")

where S is a fiber of D(€) as in the previous proof. A class in K(T'(€)) which
restricts to a generator for each sphere S™ coming from a fiber of £ is called a
Thom class of £&. Hence we need to understand the Chern character of Thom
classes in K-theory.

We have seen Thom classes before. But let us briefly recall the basic theory.
Let E be a complex vector bundle of dimension n over the compact Hausdorff
space X. Let X¥ := T(F) = D(E)/S(E) denote the Thom space of E over X.
The Thom class is an element

U e K°X¥%)
which restricts to a generator under the restriction map
RKO(XF) = K°((X"),) = K°(E)) =2 L

for every x € X, where E denotes the one-point compactification of the fiber E,
(it’s a 2n-sphere whence the last isomorphism). There are several natural ways
to get such a Thom class. One construction uses the projective bundle formula.
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First we remark that we can identify X¥ with P(E & 1)/P(E). Let V be the
vector space given by the fiber E, over some z € X. Given a line ¢ through
the origin in V' & 1 which does not lie in V, there is a unique point v in V' such
that (v,1) € V @ 1. This defines a map P(V @& 1) — V. The lines that are in V'
correspond to the point at oo in the fiber of the Thom complex of V. Hence we
have checked on each fiber that we have an isomorphism

XE=P(E®1)/PE).

Now it is easier to produce the Thom class on the right hand side, because we
know that we have the tautological line bundle L over the projective space.

Let L be the canonical line bundle over P(E @ 1). We know that K*(P(E@® 1))
is the free K*(X)-module with basis 1, L, ..., L". Restricting to P(E) C P(E®1),
we see that K*(P(£)) is the free K*(X)-module with basis (the restrictions to
P(E) of) 1,L,...,L™ . So we have a short exact sequence

0— K*(XP) = K*(P(E® 1)) & K*(P(E)) — 0.
The map p sends L™ to L™. But in K*(P(E)) we have the relation

> (“1)N(E)L" =0

where the X'(E) are the Chern classes of E in K*(X) by definition. The class
Uk € K°(X¥F) that maps to the nonzero element

Y (F)N(E)L € KO(P(E@ 1))

is the Thom class of E that we were looking for.
Moreover, we get that multiplication by Uy gives the Thom isomorphism
Uk: K°(X) =2 K°(XE)
and K°(XF) is a free K°(X)-module with one generator Ug-.
Remark 32.2. We will also sometimes identify
Uk with » (=1)'A(E)L"" in K°(P(E © 1)).
Note that all this makes sense for virtual bundles too, since it is an isomorphism
of modules over K°(X).

Remark 32.3. The previous discussion applies to any cohomology theory with
a projective bundle formula for complex vector bundles. In particular, it applies
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to H*"(—; Q). If & = z(E) € H*(P(E & 1); Q) is an element that restricts to a
generator of H?(CP"!;Q) in each fiber, then there is the relation

Z(—l)ici(E)a:”_i =0 in H*(P(E); Q).

Hence the element Y ,(—1)¢;(E)z"" € H*(P(E @ 1); Q) comes from an element
Ug € H*™(X¥P;Q) (where we use that z(E @ 1) restricts to x(E)). This is
the Thom class in cohomology. In H*(P(E & 1);Q) we can identify Uy with
> (=1)¢;(E)z™ . Then we get Uy -z = 0 in H*(P(E®1);Q), because we know
¢i(E @ 1) =¢(E) and hence

0= 3 (~1e(E e e = 3 (—1)e(E)a 1 = Uy - x.

% )

To prove the theorem we need to calculate ch(Ug). By the splitting principle
we may assume that £ = L;&®---& L, splits as a sum of line bundles. The Thom
class Uy = Y. (—1)'¢;(E)2" " in P(E @ 1) then factors as the product

Uy = H(gg — ;) € H*(P(E®1);Q)
where x; = ¢;(L;). Similarly, the Thom class in K-theory becomes
Uk = |[(L - Li) € K°(P(E @ 1)).
Therefore we have

ch(Uk) = Hch(L — L) = H(er — ) = Uy - H(@J»‘z —e

7 7

Since Uy - x = 0, we can set = 0 and simplify this expression to

eh(Ui) = U - [T

ev

X

Since the Thom isomorphism ¥: H*(X;Q) — H*(X¥;Q) is given by multipli-
cation with Uy, we get the formula

9~ eh(Ux) = ]

%

e’ —1

X

) € H'(X;Q).

Dealing with such power series becomes easier when we take the logarithm.

e¥—1 yk
) of the form ), cp%; for some

There is a power series expansion for log(T
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coeflicients ¢;, since the function &< ” is nonzero at 0. Then we can have

Z Crp—~ k' Z ckchk

where ch*(E) is the component of ch(E) in dimension 2k. The last equation
uses the fact that E is the sum of line bundles and the definition of the Chern
character for line bundles. The splitting principle then tells us that the formula
also holds for arbitrary E.

ml _ 1
log ¥~ ch(Uy) = log(H Zlog

%

We need to calculate the coefficients ¢;. Therefor we differentiate both sides of
-1
§ cry* k! = log( ) = log(e” — 1) —logy.
Y

This yields

Seay (k=1 = -yt

14+ 55—yt

= 1—y '+ 3By /R
= 1+ ZkZI Bkyﬁfl/l{?!

where the last equation follows from the fact that By = 1. Thus we obtain
= By/k for k> 1and 14+ By = ¢;.
Since By = —1/2, we get ¢; = 1/2 and ¢; = —B;/1.

32.2. The proof of Theorem 32.1. Now we apply the discussion to the n-
dimensional bundle £ — S?! corresponding to the element xo; € o, BU. We
choose U € K°(X ;) = K°((S*)F) as the element mapping to a generator in
K°(S%%) (changing signs if necessary). We know

ch(Ug) =a+r-be H (X, Q)
and hence
I ch(Ug)=1+7-s
where s is a generator of H?*(S%*:Q) and r = e(Jcf) in Q/Z. Hence
logd 'ch(Uk) =715
since log(1 4 2) = 2z — 2?/2+ -+ and s* = 0. On the other hand, we have
log ¥~ 'ch(Uk) = crch®(E)
since H%(S?%;Q) = 0 for j # k. Moreover, we showed in Lecture 28 that
ch*(E) = s € H*(S5*; Q).
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Thus, by comparing the two formulas for log 9~ 'ch(Ug) we get
e(Jof) =r=c, = £By/k.

This finishes the prof of Theorem 32.1.
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33. CLIFFORD ALGEBRAS AND VECTOR FIELDS ON SPHERES

This was a guest lecture by Mike Hopkins. Here are my notes of his lecture:
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34. THE IMAGE OF J AND THE ADAMS CONJECTURE

34.1. The image of J. The stable real J-homomorphism is a map
7Tk,10 — 7TZ?1<SO> = 7Tk,150.

We are interested in the case k£ = 4n because in those degrees the homotopy
groups of O provide the most interesting image in the stable homotopy groups.
We saw in the previous lectures that if x4, 10 is a generator then

e(Jxy,) = £Ba,/4n

where B; is the ith Bernoulli number. Hence the order of the image of J in
Tan—15 is divisible by the denominator of By, /4n. Today we want to explore the
information of the J-homomorphism a bit further.

Let us denote the denominator of Bsy,/4n by m(2n). We have a lower bound
for the image of J, for the order of Im J is divisible by m(2n). So what about an
upper bound? Adams showed that there is actually an upper bound and thereby
determined the image of J in 7y, 15° completely. (Well, almost completely since
he could not figure out a possible factor of 2 for 4n = 0 mod 8.) We want to
follows Adams’ great ideas and see how close he got to determine the image of J.

Adams proved the following result.

Theorem 34.1. The image J(m4,_10) of the stable J-homomorphism in 7y, _1S°
1s cyclic of order

(i) m(2n) if 4n = 4 modulo 8
(ii) m(2n) or 2m(2n) if 4n = 0 modulo 8.

Remark 34.2. Mahowald showed later that the factor 2 in (ii) is not there.
Adams could not settle this factor since he could prove his conjecture only for the
complex K-theory and not for the real K-theory of S*". Adams’ conjecture was
then proven independently and in full generality by Quillen-Friedlander, Quillen,
Sullivan and Becker-Gottlieb. We are going to sketch a proof in the next lecture.

Before we think about a proof, let us first note a consequence of Theorem 34.1.
Let j: ImJ < m4,-1SY denote the inclusion. Adams shows that the image of
e in Q/Z is precisly the subgroup of cosets z/m(2n), z € Z. Hence we have a
commutative diagram

0
7T4n715
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By Theorem 34.1 and its improvement we know that Im .J is cyclic of order m(2n).
Therefore the diagram provides a direct sum splitting

Tan—15° =2 Im J @ Ker e.

Example 34.3. For r = 4n — 1 let us take the generator in 7,.,SO and let its
image under J: 7,SO — 7,.5° be j.. Then we have:

e(j3) = 1/24, e(jz) = —1/240, e(j11) = 1/504, e(j15) = —1/480, e(jr9) = 1/264.
For r =3,7,11, we have

738" 2 7Z/24, 7,;8° & 7./240, 711,5° = 7/504.
Or in other words, the kernel of e is trivial in these cases. But for r = 15,19, the

kernel of e is Z/2.

Remark 34.4. Since the numbers m(2n) are unbounded we see that, even though
the stable homotopy groups 7,.S° are of finite, arbitrarily large orders can occur.

34.2. Adams’ upper bound for Im J. We know that Im .J is divisible by m(2n).
To prove Theorem 34.1 we need an argument in the opposite direction.

Let Y be an abelian group with Adams operations, i.e., an abelian group
with endomorphisms ¥ for every k € Z. A map between such groups is a
homomorphism of abelian groups which is compatible with the operations.

Let e be a function that assigns to each pair k € Z, y € Y a non-negative
integer e(k,y). Then we define Y, to be the subgroup of Y generated by the
elements

D (R —1)y.

It is clear that if
€1 > eg, then Yo, CY,,.
Hence we can define
J'(X):=Y/Nn.Y.
where the intersection runs over all functions e.
Remark 34.5. If Y is finitely generated, it is easy to see that it suffices to let e
run over the functions f which are independent of y and get the same quotient
group J”(X). For it is clear that
me}/e g ﬂfo

For y € Y, let y1,...,y, generate y. For any function e(k,y) define the corre-
sponding function f(k) by

f(k) == Maxy<,<pe(k, y,).
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It is clear that we have Yy C Y, and hence
NfY; CNYe.
Moreover, if Y; and Y; are finitely generated, then we have
M@ Ys)y = (M1)y & (Yo)s
and hence
N1 @Ya)r =np(Va)y ©0p(Ya)s-
As a consequence we get

J'(Yi @ Ya) = J'(Vi) @ J(Ya).

For Y = K(X) we set J{(X) = J'(K(X)) and for Y = KO(X) we set
J'NX):=J"(KO(X)). Let
r: K(X)— KO(X)
be the canonical map. Since it is compatible with the Adams operations, it

induces a map

JE(X) = J"(X).
Proposition 34.6. a) Let P be a point. Then
J"(P) =17.
b) If X is a finite cell complex, then
J'(X) =7+ J"(X) with J'(X) = J"(KO(X)).

Proof. a) We know KO(P) = Z and the operations are just given by (¢)*—1)y = 0
for all £ and .
b) We just need to apply part a) and the second part of the above remark. [

Here is the reason why we are interested in the groups J”(Y) for real K-
theory. Adams made the following important conjecture. The formulation of
the conjecture and its proof require to give a different interpretation of J(X)
in terms of spherical fibrations. Since we will need some time to think about
these fibrations in more detail, we postpone this interpretation for a moment.
Nevertheless we formulate the conjecture in its general form and think for now
of the special case X = S™.

The Adams conjecture 34.7 (The Adams Conjecture). Let X be a finite cell
complex, k an integer, and y € KO(X). Then there exists a non-negative integer
e =e(k,y) such that

k¢ (y* — 1)y € Ker J.

Moreover, these elements (for all k) generate the kernel of J.
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The consequence of the conjecture for our discussion is the following.

Proposition 34.8. Suppose for S4n Congecture 34.7 holds for all k and y. Then
J"(S%") is an upper bound for Tm J in the sense that the surjective map J: KO(S*") —
Im J factors through an epimorphism J"(S*) — Im J.

Example 34.9. Take X to be the sphere S*". We claim that the group J"(S4m)
is cyclic of order m(2n). If y € KO(S*), we have

K WF = 1)y = KO (R = 1)y

since ¥* acts on the K-theory of S by multiplication by k?". (We proved this
only for complex K-theory, but the same argument shows it for real K-theory
t00.) Thus the subgroup Yy of KO(S*") = Z consists of the multiples of h(f, 2n)
where h(f,2n) is the greatest common divisor of the integers

KB (k2 — 1), for all k € Z.
But this number is exactly m(2n). Hence J”(S*) = KO(S*)/Y; = Z./m(2n).

34.3. A comment on Adams’ proof of Theorem 34.1. Adams proved the
assertion for the real K-theory of a sphere S?* under the assumption that the
map

r: R(SQ”) — K:O(SQ”)

is an epimorphism.

For 4n = 4 modulo 8, the map
r: K(S*) — KO(S*)
is an epimorphism. Hence by Proposition 35.7 jﬂ’é(S‘m) is an upper bound for
Im J. By Example 34.9 this implies that Jg(S*") divides m(2n).

For 4n = 0 modulo 8 the proof would be the same except that in this case
image of the map
r: K(S*) — KO(S*™)
consists of the elements divisible by 2. For this case Adams could not prove his
conjecture for S*" and hence he could not settle the factor 2. We will investigate
this further in the next lecture.
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35. SPHERE BUNDLES AND THE ADAMS CONJECTURE

35.1. Sphere bundles. Let X be a connected finite cell complex. We saw that
the J-homomorphism could be defined by sending an automorphism of R™ to
the induced automorphism of the one-point compactification. Today we want to
generalize this construction and study J as a construction on vector bundles as
follows.

Let E — X be an n-dimensional real vector bundle. By taking the fiberwise
one-point compactification we get an associated fiber bundle S(E) — X whose
fibers are all n-spheres S™. We call such a bundle a sphere bundle.

We will say that a map f: S(E) — S(E’) of bundles is a fiber homotopy
equivalence if there is a bundle map ¢g: S(E') — S(F) such that fogand go f
are homotopic through bundle maps to the respective identities.

Taking the associated sphere bundle of a vector bundle respects direct sums in
the sense that
S(E® FE) = S(E)Ax S(E)
where Ax denotes the fiberwise smash product.

Definition 35.1. We denote by SF(X) the Grothendieck group of pointed sphere
bundles over X modulo fiber homotopy equivalence. The group law is given by
the fiberwise smash product.

Remark 35.2. A fiber bundle whose fibers who are all of the homotopy type of a
sphere is called a pointed spherical fibration. Hence we could have defined SF(X)
also as the Gorthendieck group of (pointed) spherical fibrations.

Sending a vector bundle to its fiberwise one-point compactification defines a
homomorphism

KO(X) — SF(X).

Example 35.3. We want to understand this map for X a sphere. A vector
bundle over X is determined by its clutching function. This can be expressed as
an isomorphism
KO(S") = m,_,0.
Similarly, a sphere bundle is determined by a clutching function
f: 8™ — Homeo(S*, S%).

Since we are only interested in sphere bundles modulo fiber homotopy equivalence,
it suffices to specify the clutching function up to homotopy equivalence. Hence a
function

f: 8"t — Equiv(S*, S*)
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to the monoid of homotopy self-equivalences of S* determines a spherical fibration
over X or a sphere bundle up to fiber homotopy equivalence . Let us denote this
topological monoid by G(k) = Equiv(S*¥, S*). If we choose k large enough, we
have an isomorphism

SF(S") = m,_1G(k) for k> 0.

But we can say a bit more. An element of G(k) is a map S* — S*. Now we
observe that G(k) is a subset of maps of degree +1

QF S c OFSF = Map, (S*, S%).
Therefore, if we subtract the identity, we get an isomorphism
Tn1G (k) = 7, 1 1£(S¥) for k> 0.

Thus, the group SF(S™) is equal to the (n — 1)st stable homotopy group of the
sphere

SF(S™) =75 (SY).
Hence, for X = 5™, the map
KO(S™) — SF(S™)

defined by taking fiberwise one-point compactifications is the J-homomorphism.

Motivated by this example, we will call the map
J: KO(X) — SF(X)

the J-homomorphism for any finite cell complex X. As a consequence of the
discussion in Example 35.3 we also get the following finiteness result of Atiyah’s.

Proposition 35.4. If X is a connected finite cell complez, the group SF(X) is
finite.

Sketch of a proof. We can argue just as in Example 35.3 that every element in
SF(X) is classified by a homotopy class of a map

X — BG(k) for k>0

where BG (k) denotes the classifying space of the monoid G(k) (such a classifying
space construction exists). Since X is a finite cell complex we can use induction
on the number of cells and are reduced to show that m, BG(k) is finite. But the
latter group is equal to m,_1G(k) and we have seen in Example 35.3 that this
group is equal to 75, (S%). The stable homotopy groups of the sphere spectrum
are finite by Serre. 0J
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35.2. The Adams conjecture. Recall that Adams conjectured the following
property of the J-homomorphism.

The Adams conjecture 35.5. Let X be a finite cell complex, k an integer, and
y € KO(X). Then there exists a non-negative integer e = e(k,y) such that

k¢ (yF — 1)y € Ker J.
Moreover, these elements (for all k) generate the kernel of J.

Remark 35.6. We could reformulate the assertion of the theorem as follows. For
every prime p not dividing k the kernel of the map

KO(X)@p) = SF(X)p)
is generated by elements of the form ()% — 1)y.

Before we go on, let us see how the following result of Adams’, used in the
previous lecture for X = §%, follows from the first part of Conjecture 35.5. (We
use the notation of the previous lecture.)

Proposition 35.7. The group J"(X) is an upper bound for the image of J in
SF(X).

Proof. Let T'(X) be the kernel of J and Y = KO(X). By 35.5 there is a function
e(k,y) such that Y, C T'(X), where Y, is the subgroup of Y generated by all ele-
ments of the form £¢(¢)* —1)y. This shows that the intersection N.Y, is contained
in T(X). But J”(X) is by definition the quotient

J'(X)=Y/N.Y..
So we have a surjective map KO(X)/ N, Y. - KO(X)/T(X). In particular,

every element in the image of J is also in the image of the induced map J”(X) —
SF(X). O

35.3. Line bundles and the mod k£ Dold theorem. We will sketch a proof of
Adams’ conjecture in the next lecture. Today we study some special cases. We
begin with an easy observation.

Remark 35.8. If the first assertion of 35.5 holds for all vector bundles of even
rank, then it holds for all vector bundles. For, if £ is a bundle of odd rank, then
by assumption there is an N such that

EN(pF —1)(€ @ €') € Ker J,
and hence

N (R = 1) = kN WR(E) — &) + kN (e — ) = kN (e @ ) — (E @ €')) € Ker J.



142 GEREON QUICK

Proposition 35.9. Let y € KO(X) be a linear combination of real line bundles
over the finite cell complex X. Then there exists an e € N (depending only on
the dimension of X ) such that

K(Wr = 1)y = 0.

Proof. Since k¢(y* — 1)y is linear in y, it suffices to consider the case in which y
is a real line bundle. In this case, since X is a finite cell complex, there exists a
map f: X — RP” for some n such that y = f*v, where v is the canonical real
line bundle over RP™. Hence it suffices to prove the assertion for y = ~.

The KO(RP™) is a finite 2-group generated by 1 —+. (If you know about spec-
tral sequences, you can deduce this easily from the Atiyah—Hirzebruch spectral
sequence and the fact that the cohomology of RP™ is a finite 2-group.) Hence
there is an e € N such that

2¢(pF — 1)y = 0.

If k is even, this implies k°(1)* — 1)y = 0. If k is odd, then we have the relation
y> = 1 in KO(RP™). This implies ¢*(y) = y* = y and hence (¢* — 1)y = 0.
To see that we have y?> = 1 there are many different ways. For example, one
could use the fact that real line bundles are characterized by their first Stiefel-
Whitney class. Or one notices that the structure group of a real line bundle is
O(1) = {+1, —1} from which one sees 7 ® v = 1. O

The proof of Adams’ conjecture 35.5 uses the following generalization of Dold’s
results.

Theorem 35.10 (mod k& Dold theorem). Let X be a finite cell complex. Suppose
there is a map of sphere bundles & — & of the same dimension such that the map

on fibers S™ LAY of degree k. Then there exists a non-negative integer e such
that k°&1 and k°&y are fibre homotopy equivalent and hence k°&; = k& € SF(X).

Example 35.11. Let L be a complex line bundle, or equivalently an oriented
2-dimensional real vector bundle. Then the map

X — CP>® % cp>

classifies L®*. The map CP>® L CP* is covered by a map of universal bundles
which is fiberwise the degree k map. For sending L to L®* corresponds in each
fiber to the map 2z + z*. Then the mod & Dold theorem implies that there is an e
such that k¥ (L) = k*L®* and k°L are fiber homotopy equivalent. Alternatively,
we could say that ¢*(L) — L =0 € SF(X)[k™1].
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35.4. Sketch of Adams’ proof for X = S, 4n = 4 mod 8. Let X = S*
such that the map
r: K(S*) — KO(S*™)
is surjective. So given y € KO(S?") there is a z € K(5?") such that y = r(z).
Now consider the map
g W=8"x---x8=585*AN-.. NS> 5%

Over W every vector bundle is a linear combination of complex line bundles
(think of S? as CP'). In particular, ¢*z is such a linear combination. Therefore

qy=r(qz)
is a linear combination of oriented 2-dimensional real vector bundles. By Example
35.11 we know that there is an e such that

KW = D'y = ¢* (K (¥* — 1)y)
maps to zero in SF(W). Finally, Adams shows that the map
¢ SF(S™) — SF(W)

is a monomorphism. (This requires only some knowledge about the classifying
space BG(k) and mapping cones.)

Adams also proved the case that y € KO(X) is a linear combination of O(1)-
and O(2)-bundles. The general case was later proved independently and by very
different methods by Quillen—Friedlander, Quillen, Sullivan, and Becker Gottlieb.
We will sketch a proof in the next lecture.
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36. SULLIVAN’S PROOF OF THE ADAMS CONJECTURE

Today we will have a look at Sullivan’s beautiful ideas on Galois symmetries
in topology and his proof of the Adams conjecture in the complex case. We will
omit a lot of details and just outline the ideas. We encourage everyone to read
Sullivan’s original paper and lecture notes.

36.1. The Adams conjecture. Let X be a connected finite cell complex. We
defined SF(X) as the Grothendieck group of sphere bundles over X modulo
fiber homotopy equivalence. Sending a vector bundle to its fiberwise one-point
compactification defines the J-homomorphism

J: KO(X)— SF(X).
For X = S™ a sphere we showed that there is a natural isomorphism
SF(S") = m4(S°)
with the stable homotopy group of the sphere.
Our goal is to show the following result.

Theorem 36.1 (The Adams Conjecture). Let X be a finite cell complex, k an
integer, and y € KO(X). Then there exists a non-negative integer e = e(k,y)
such that

k¢ (yF — 1)y € Ker J.

Last time we defined the monoid G(n) = Equiv(S™, S™) of self-homotopy equiv-
alences of S™. Taking smash product with a circle defines a map G(n) — G(n+1).
Moreover, since a linear self-transformation of R* extends via one-point com-
pactification to a self-homotopy equivalence of S™, we have a canonical map
O(n) — G(n). Since we study only the complex case today (though the real case
follows from an analogous argument), we compose this map with U(n) — O(2n)
and get a map

U(n) — G(2n).
This map induces a map of corresponding classifying spaces
BU(n) — BG(2n).
We denote the colimit of the BG(n) over n by BG:
BG := colim BG(n).

n—oo
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Overall, we obtain a commutative diagram

(14) BU(n) —— BG(2n)
BlU BlG.

The space BG is the classifying space of (stable) spherical fibration (sphere
bundles up to fiber homotopy equivalence). Hence the set of spherical fibrations
over X is in bijection to the set of homotopy classes of maps

(X, BG].
Now the (complex) J-homomorphism K (X) — SF(X) corresponds to a map
(X, BU| — [X, BG]
which is induced by the above map of classifying spaces which we also denote by
J: BU — BG.
Furthermore, the kth Adams operation corresponds to a map of classifying spaces

Y*: BU — BU.

Now given an n-dimensional complex vector bundle E over X, its associated
sphere bundle corresponds to a map

X & BU(n) 5 BU % BG
where ¢ is the inclusion. If we apply the kth Adams operation we get a corre-
sponding map
E k J
X = BU(n) — BU = BG.

Hence to prove the Adams conjecture we need to show that up to multiplication
by some power k¢ the map

kg
(15) BU(n) Y= BU L BG
is null-homotopic, that is homotopic to a constant map.
Let us dream about a strategy for the proof for a moment. The homotopy class
of the map
Joi: BU(n) — BG
classifies a sphere bundle up to fiber homotopy. This bundle is the sphere bundle

associated to the canonical bundle v, over BU(n). Now it turns out that this
bundle is fiber homotopy equivalent to the fibration

BU(n —1) — BU(n).
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Hence we can also think of BU(n —1) as the total space of the spherical fibration
J(7n)-

Then if we had a (homotopy) pullback diagram of the form

(16) BU(n—1) -~ BU(n — 1)
BU(n) —Y— BU(n)

with self-homotopy equivalences 1* then we would be done. For, the diagram
would show that

e the spherical fibration over BU(n) classified by J o 1* is the pullback of
i: BU(n —1) — BU(n) along ¢*: BU(n) — BU(n);

e and hence, since the maps ¥* are equivalences, the sphere bundles corre-
sponding to J o i and J o 9* are fiber homotopy equivalent.

Unfortunately, the Adams operations ¥* are self-homotopy equivalences of BU
and there is no way to produce them as operations on BU(n) (at least not com-
patibly for all n and with all properties).

This is a bummer. But here comes Sullivan’s great idea. Even though the

¥k do not exist on the BU(n), they exist on the profinite completion BU(n).
Moreover, they fit into a beautiful picture of Galois symmetries in topology. Let
us have a look at how this works.

36.2. Galois symmetries. The crucial observation is that the homotopy groups
of BG are finite (remember they are isomorphic to the stable homotopy groups of
the sphere spectrum). This implies that the map J: BU — BG factors through
the profinite completion of BU

BU
N
BU J BG.

The space BU is the profinite completion of BU, i.e., it is a space endowed with
a map BU — BU which induces the profinite completion on homotopy groups

m.BU — n,BU = (m,BU)",

which, in even degrees, is just the completion of the integers Z — Z.
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We call

A

K(X) = [X, BU]
the profinite K-theory of X.

Remark 36.2. Such a space BU exists and Sullivan establishes a lot of interesting
results about profinite homotopy. We will skip to explain how you obtain BU and
omit the technical subtleties, since there is more interesting theory to explore.
Another source for profinite completion in homotopy theory is the work of Artin-
Mazur.

Now Sullivan shows that the map from stable fiber homotopy types to profi-
nite stable homotopy types is injective. Hence it suffices to show that, up to
multiplication by some power k¢, the induced composite map

(17) BU(n) =% BU 2 BG

is null-homotopic. In fact, since we are only interested in showing that the map
is null-homotopic after localizing at p, (p,k) = 1, it suffices to consider pro-p-
completions. So we consider BU as the p-completed space if necessary, even
though we will omit the p in the notation. (The smarter way to handle this is to
redefine the 1)* on the profinite completion as the identity if p divides k.)

Next comes a really cool move of Sullivan’s. Using algebraic geometry, in
particular étale homotopy theory, he interprets the Adams operations on the
profinite completion of BU as elements in the absolute Gfﬂois group of Q and
shows that there are unstable operations ¢* on each BU(n). This is all the
more remarkable, since the ¥* do not exist as operations BU(n) — BU(n) (if we
require all the nice properties they have as self-maps of BU).

Here is the idea. We can write the complex Grassmannian Gr,(C"**) as a
quotient

(18) Gr, (C"™*) =2 GL(n + k,C)/(GL(n,C) x GL(k,C)).

So we may consider the Grassmannian as an affine smooth complex algebraic
variety (for the real Grassmannian replace GL(—, C) with O(—,C)).

Now there is a purely algebraic way to assign to every algebraic variety V' over
any base field a homotopy type represented by a CW-complex. The machinery
which does this is called étale homotopy theory and has been developed by Artin-
Mazur and Friedlander. The idea is similar to computing cohomology via Cech
coverings. If X is a nice topological space we can compute its cohomology by
taking an open covering U — X and form the Cech nerve. If the covering is
nice, i.e., if each intersection of open sets is contractible, then the cohomology of
the Cech nerve is equal to the cohomology of X. Not every space admits nice
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coverings, but if we take the limit over all coverings, i.e., the colimit over all
cohomology groups of the corresponding Cech nerves, then we still recover the
cohomology of X.

Now we transport this idea to algebraic geometry. Unfortunately, there are not
enough open coverings of a variety V in its intrinsic topology, the Zariski topology.
But Grothendieck showed that we do not actually need a topology in the usual
sense to compute cohomology, it suffices to consider maps U — X of a certain
types (instead of taking open subsets). The correct generalization of an open
subset in our case is the notion of an étale map. An étale map between (smooth)
algebraic varieties is the analogue of a local diffeomorphism between manifolds.
You should think about what that means or read about it. There is actually a
criterion using Jacobian determinants which makes the analogy obvious.

So we can speak of an étale open covering by taking an étale surjective map
U — V. Now we can apply the Cech construction and form a simplicial variety
U. whose nth term is the (n + 1)-fold fiber product

UXXUXX"'XxU

of U over X. Applying the connected component functor to U. in each degree
yields a simplicial set mo(U.). Taking its geometric realization gives us a CW-
complex. If V' is a finite-dimensional smooth variety, then this is actually a finite
cell complex.

As in topology taking just one such covering is not enough to describe the
homotopy type of V. But if we make the coverings finer and finer and consider
the colimit over all of them (actually the cofiltering system of all such coverings),
then we get the correct profinite homotopy type.

Remark 36.3. Using étale Cech coverings is actually sufficient for smooth quasi-
projective varieties over a field. For more general schemes one has to consider
hypercoverings. But that’s a different story.

So let us focus on our case. What we learn from this story is that there is a
purely algebraic construction of the profinite homotopy type of the Grassmannian
manifold and we can write

(19) Gr, (C"**) ~ lim N,

where the N, run through these algebraic étale coverings space (actually the
associated finite cell complexes).

Now we come to the crucial point. The equations defining the Grassmannian
in (18) actually have rational (in fact integer) coefficients. So we can consider
the Grassmannian as a variety defined over Q. Hence each automorphism o of C
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fixing Q acts on the (complex) points of the Grassmannian. This is nice, though
there is the problem: the action of ¢ is “highly discontinuous”, at least in the
sense that it does not induce an interesting automorphism on cohomology.

That’s bad news. But here is the solution: Each variety N, in (19) is defined
over Q and the Galois group Gal(C/Q) acts on the system of the N,’s. After
taking the union over all k, this defines an action of Gal(C/Q) on the profinite

classifying space BU (n) (and on BU).
Now consider the natural surjective homomorphism
x: Gal(C/Q) — Z;,

obtained by letting o € Gal(C/Q) act on the roots of unity. (This is also called
the cyclotomic character.)

Example 36.4. One can check that Gal(C/Q) acts on BU(1) = CP™ = K(Z,,2)

via y and the natural action of Z; on K(Z,,2). (You should do this yourself after
reading more about étale coverings, but you could also look it up in Sullivan’s
MIT notes §5.)

From this example it follows by naturality and the splitting principle that

Gal(C/Q) acts through Z; and y on B(f(n) That means that ¢ acts on coho-
mology via
o(c) = x(0) e
where ¢; is the ith Chern class (which is a generator of the cohomology of BU(n)).
Proposition 36.5. Given k in Z;, choose a o € Gal(C/Q) such that x(o) = k™.
Then
o: BU(n) — BU(n)

is an unstable Adams operation in the sense that the diagram
BU(n) —= BU
b
BU(n) — BU

1s commutative up to homotopy. Moreover, the operations o are compatible if n
VATIES.

Sketch of the proof. To show that the diagram is homotopy commutative amounts
to show that the elements in profinitely completed K-theory corresponding to the
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horizontal maps agree. For this it suffices to show by the splitting principle that
the diagram

BU(1) —= BU

e
BU(1) —= BU
is commutative up to homotopy. But we know from the above example that o

raises elements to the kth power and this is what ¥ does on line bundles. OJ

Remark 36.6. The fact that we can define Adams operations on the profinite
completion BU(n) is very remarkable, since there are no unstable Adams opera-
tions on BU(n) itself. The key is the natural Galois action on the inverse system
of étale coverings.

So Sullivan concludes that we can reformulate the Adams conjecture in the
following way.

Theorem 36.7. The stable fiber homotopy type of elements in profinite K -theory
is constant on the orbits of the Galois group.

Proof. Proposition 36.5 shows that we have a homotopy pullback diagram

(20) BU(—1) -~ BU(n - 1)
BU(n) —%—~ BU(n)

where the ¥ are given by the Galois symmetries ¢ and are homotopy equiva-
lences. So for the profinite completions we can argue as we wanted that

e the completed spherical fibration over BU (n) classified by J o ¢* is the
pullback of

i: BU(n — 1) — BU(n) along ¢* = o: BU(n) — BU(n);

e and hence, since the maps ¥* = ¢ are equivalences, the completed sphere
bundles corresponding to J o4 and J o ¢* are fiber homotopy equivalent.

This shows that the sphere bundles associated to 4, and ¥*(%,) = 42 have the
same unstable profinite homotopy types. But this implies that also the stable
sphere bundles associated to 4 and ¥*(4) = 4% have the same stable profinite
homotopy types. 0
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Remark 36.8. 1. This completes the proof of the Adams conjecture in the
complex case. The argument for the real case is similar. We just have to take
care of the extra information of the extension C/R.

2. The proof shows more than just the stable version in Theorem 36.7. It also
proves an unstable (real and complex) profinite version of the Adams conjecture.
3. It is in fact not necessary to just complete at primes p with (p, k) = 1. If one
redefines the Adams operations appropriately at the primes p dividing & one can
take profinite completions with respect to all primes at once.
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APPENDIX A. SLIDES FROM TALKS ON THE ADAMS CONJECTURE

What follows are parts of my slides from an invited lecture series on étale
homotopy theory at Heidelberg University in March 2014. I extracted and put
together the parts on the Adams conjecture. I hope the slides are interesting and
helpful.



Proofs of the Adams conjecture:

We will discuss two methods to prove the Adams
conjecture (and there are more). Both involve
etale homotopy theory in an essential way.

® Today: Quillen-Friedlanders approach.
Compare spaces over complex numbers with spaces
in characteristic p and use the Frobenius map.

e In Lecture 3: Sullivans approach.
Galois symmetries on profinite completions of
spaces are induced by etale homotopy types.




Spherical fibrations:

Let X be a finite CW-complex and let E be an n-
dimensional complex vector bundle over X.

By endowing E with a Hermitean metric and
looking at vectors of length 1 in E-O we get a
fiber bundle

S(EME X

with fiber a 2n-1-sphere S2n-1.




Fiber homotopy equivalence:

We say that two fiber bundles F and F’ over X

i ;
F o . F

{.‘
\ / are “fiber homotopy
equivalent” if

X

there are maps f and g

and homotopy equivalences gf=idr and fg=idr which
at each time t are maps of fiber bundles.




The J-homomorphism:

Let K(X) be the Grothendieck group of finite
dimensional complex vector bundles over X.

Let SF(X) be the Grothendieck group of spherical
fibrations modulo fiber homotopy equivalence.

The functor S(-) induces the J-homomorphism

J: K(X) — SF(X).




The Adams conjecture:

Let k be the kth Adams operation on K(X). It is a
functorial ring homomorphism. For a line bundle L,
it is Pk(L)=Lk in K(X).

Adams’ conjecture: Let E be a complex vector bundle
over a finite CW-complex X and k an integer.

Then there is an integer n such that kn(¢XE-E) maps
to zero under J.

(In fact, Adams conjectures also the case of real
vector bundles.)




The Quillen-Friedlander approach:

Let us assume we already knew there is a CW-
complex Vet which represents the etale homotopy
type for every reasonable scheme V.

The idea of the proof is based on three
obeservations:




Quillens observation 1:

e Homotopy types are visible in charateristic p.

Let R be a strict henselization of Z at p, RcC an
embedding and k=F, the closed point of R, Vr a
proper smooth scheme over R.

Then there are canonical equivalences of spaces

Vce — Veet — VRet < Vet

where ~ denotes profinite completion away from p.




Quillens observation 2:

e Frobenius maps give Adams operations.

Let V be a scheme of characteristic p and E an
algebraic vector bundle over V.

Let F: V—V be the Frobenius map and write
E(PYSERE¥E.

Then we have an equality in K(V)

P(E) = E®,




Quillens observation 3:

® The Frobenius identifies sphere bundles.

Let E be an algebraic vector bundle over a
scheme in characteristic p.

Frobenius E—EP restricts to E-O—E®P-0

and induces an equivalence

(E-0)et = (EP-0)ct.




The Quillen-Friedlander proof:

First of all, since ab = Ja |b, we can assume that
K=p is a prime number.

It suffices to prove the conjecture for
the Grassmannian Gr=:V and

the canonical bundle E—V.

Crucial point: The Grassmannian and the canonical
bundle can be defined as schemes over the
Integers.

Then we should be able to apply the observations
in the following way:




The Quillen-Friedlander proof:

K(Vcel) - K(V¢) —— K(V) —— K(V«)

3) |J | J | J
@L A A A PN
SF(Ve,c)) = SF(Vcel) «—SF(Vcet) —— SF(Vet) — SF(Viet)

Observe: An element in the kernel of ©, is
of order pn for some n.

It suffices to show © (J({PEc-Ec)) = O in SF(Vce).

For then we have prJ({PEc-Ec) = 0 in SF(Vc.).




The Quillen-Friedlander proof:

K(Vcel) < K(Ve) —— K(V) —— K(V«)
J |J | D | J
®L A ) A A A

SF(Vc )= SF(Vce)«—SF(Vcet) < SF(Vet) — SF(Viet)

We need to show: J(UP(Ec)-Ec) = O in SF(Vca).

By the comparison of classical and etale
homotopy types, it suffices to show:

J(YP(Ec)-Ec) = 0 in SF(Vcet).




The Quillen-Friedlander proof:

K(Vcel) < K(V¢) —— K(V) —— K(V«)
J |J | D | J
O ~ < A x Ay X A

SF(Vc )= SF(Vce) «—SF(Vcet) < SF(Vet) = SF(VKet)

We need to show: J(UP(Ec)-Ec) = O in SF(Vcot).

Since “characteristic p sees homotopy”,
it suffices to show:

J(YP(Ex)-Ek) in SF(Vk.ot).




The Quillen-Friedlander proof:

K(Vcel) - K(Ve) «—— K(V) —— K(Vk)

J -

@L A ~ A I~ A -4 A
SF(Ve )= SF(Vce)«—SF(Vcet) < SF(Vet) — SF(Viet)

We need to show: J({P(Ex)-Ex) = O in SF(Vkat).
By “Frobenius = Adams operation” it suffices to show:

J(ExP-E) in SF(Vket).

This holds by Observation 3 and we are done!




Friedlanders theorem:

There is a very difficult point we just assumed:

e If V is a scheme over R and E an algebraic vector
bundle of dimension n, then

(E-O)et — Vet

is a (completed) (2n-1)-sphere fibration.

In his thesis, Friedlander proved that geomefric and
homotopy fibers behave well under etale homotopy
types, thereby proved the Adams conjecture.




e Sullivan and Galois symmetries in topology:

Let us have a second look at the (complex version
of the) Adams conjecture:

Let BU(n) be the Grassmannian of complex n-planes,
BU be the infinite complex Grassmannian.

Let BG be the classifying space of (stable) spherical
fibrations.




Sullivan and Galois symmetries in topology:

Adams: For all k, the map
J-(yk-1) : BU(n) — BU — BG[1/K]

is null-homotopic, i.e., homotopic fo a constant map.
First step: As in Lecture 1, it suffices to consider
the p-completed maps (for each p with (k,p)=1)

J«(gk-1) : BU(N)" — BU~ — BG(S,").

Sullivans amazing idea:

Interpret the Adams operations as "Galois
symmetries” on profinitely completed homotopy
types of classifying spaces.




Galois symmetries in topology:

The complex projective n-space Pn is defined over Q

and we know
Pn(C)” = Pn.

The absolute Galois group Galg of Q acts on P71 and
this defines an action of Galg on P(C)".

Concretely: ¢ € Galg acts on m2(P(C)")=Z, by

multiplication with y(c) where y denotes the
cyclotomoic character.




Galois symmetries in topology:

Just seen: ¢ € Galg acts on m2(P(C)") via y(o).

This is a surprising fact, since the action of Galq on
PL(C) is “wildly discontinuous”. Only after completion
we obtain a nice action.

Key fact: The etale homotopy type tells us how to
read off the action on finite covers.




Galois symmetries in topology:

In the same way: There is a nice action of Galq on
P=(C)" (=K(Zp,2)) and on BU(n)":

Concretely: 6 € Galq acts on BU(n)” such that

o(ci) = xlo)-ci

on cohomology, where c; is the ith Chern class.




Galois symmetries in topology:

Choose o € Galq such that y(c) = k-l € Z,x. Then
o : BU(n)” — BU(n)” with

G(Ci) = kiey

Key observation: This ¢ is an “unstable version” of

the Adams operation k. (Use splitting principle and
compute the effect on line bundles.)

This is very remarkable: Without completions, X
is an endomorphism of BU and not BU(n).




The conclusion of the proof:

We conclude: the diagram

A G=<l)k

BU(h-1)" — BU(n-1)"
i |
BU(n)" g BU(n)"

is homotopy commutative and cartesian.

Thus, twisting by ¢k does not change the
corresponding spherical fibration. This completes the
sketch of Sullivans proof of the Adams conjecture.
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